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University of Pittsburgh, 2011 
 
Eutectoid and hypereutectoid steels are extensively used for different engineering applications, 
because they offer a useful combination of strength and ductility as well as good corrosion 
resistance, wear resistance and machinability. In these steels, the major microstructural 
microconstituent is pearlite. However, depending on the chemical composition of the austenite 
prior to transformation and the thermal path during the decomposition of austenite, i.e., rate of 
cooling to the transformation temperature, the formation of proeutectoid cementite along the 
prior-austenite grain boundaries might take place. The presence of proeutectoid cementite along 
the austenite grain boundaries has a deleterious effect on the final mechanical properties of these 
fully pearlitic steels. Thermomechanical processing studies on hypereutectoid steels have shown 
that the composition and microstructural conditions of austenite prior to transformation to a fully 
pearlitic microstructure has a strong effect on reducing the formation of proeutectoid cementite 
along the austenite grain boundaries as well as the refinement of the interlamellar spacing. A 
study of the effect of different microstructural features and precipitation behavior on the 
mechanical properties and wear behavior is presented. 
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 INTRODUCTION 1.0 
For more than 150 years, the steel rails have been the core of the world rail systems. Just in US 
and Canada, the total amount of installed railway track is about 40 million tons [1]. The main rail 
functions are to transmit the wheel forces to the track bed and guide the vehicle throughout the 
route. Like many metallic components that are exposed to cyclic loading, the rails are susceptible 
to metal fatigue and this can contribute to its partial and/or complete failure [2]. Since the 
introduction of railways, rail steels have been challenged by the continuous increase of wheel 
loads on the rails with increasing tonnage of traffic and rail life. The future demands on train 
traffic will involve heavier axle loads, higher train speed and the increase of traffic density. All 
these demands increase the risk of rail damages or even catastrophic rail failures.  Steel 
producers trying to satisfy the demands of the railroad industry are constantly attempting to make 
great improvements and to control mechanical properties of rail steels. Most modern rail steels 
are fully pearlitic in their microstructure and carbon-manganese in composition [3,4]. These 
steels are commonly hyper-eutectoid in composition and exhibit good wear as well as fatigue 
resistance [5, 6]. 
The current market and technical demands require an increase of the efficiency of 
railroad systems, mainly (among other measures) higher axle load on rails. The increase in axle 
loads can contribute to a series of defects such as excessive wear, fatigue and, ultimately, 
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fracture of the steel rails [7]. It is well known that raising carbon content and refining the pearlite 
interlamellar spacing increases the hardness and strength of pearlitic steels. This has been shown 
to improve the wear and fatigue resistance [6]. Therefore, it is necessary to increase the hardness 
and strength of rail steels. Traditional methods to extend the rail life include alloying and heat 
treatment. Both strengthening and heat treatment improve the wear resistance while 
strengthening alone provides an additional advantage of enhancement in fatigue resistance [6,8]. 
Rail steels must fulfill at least five major property requirements: resistance to plastic 
deformation (corrugation), wear resistance, fatigue (rolling contact fatigue), residual stresses and 
weldability [4]. Although there has been a large amount of research trying to develop rail steels 
with different microstructure, i.e., bainitic and/or martensitic (tempered martensite) [2,9,10]. At 
the present time, the pearlitic steels still are the most common type of steel used to fabricate rails. 
However, there still remain several technical challenges, for example, the effect of pearlite 
colony size on mechanical properties, the shape and volume fraction of nonmetallic inclusions 
and their effect on rolling contact fatigue, prior austenite grain size and its effect on toughness, 
wear and rolling contact fatigue. The interlamellar spacing, which is a function solely of 
transformation temperature for a given composition, has been the most studied microstructured 
feature.  
Several studies have been conducted in order to improve the performance of rail steels [4, 
8-14]. However, limited attention has been paid to the influence of the proeutectoid phase on the 
performance of rails. It has been shown that the presence of proeutectoid cementite in austenite 
grain boundaries is a source of embrittlement in high carbon steels [15]. In addition, despite the 
numerous studies, it appears that the microstructure of pearlitic steels has not been fully 
optimized for this type of application. 
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It is well known, that refining the prior austenite grain size is beneficial in low carbon 
steels by promoting an increase of yield strength and a reduction in brittle transition temperature. 
For low-carbon steels, the ferrite grain size controls the strength and toughness. In the case of 
high carbon steels (of eutectoid or hyper-eutectoid composition), early studies have indicated 
that prior austenite grain size may not have a large effect on the Charpy transition temperature 
[13]. Other studies suggested that prior austenite grain size only has an effect at lower 
temperatures [16-18]. There is a lack of understanding of the development and performance of 
these steels regarding both the effect of austenite composition and grain size prior to 
transformation and the effect of cooling rate on the transformation temperature.  
The main issue addressed in this research, therefore, was to develop understanding and 
guidelines for the optimization of fully pearlitic microstructures in terms of: a) Interlamellar 
spacing; b) Pearlite colony size; c) Control of the proeutectoid cementite formation; and d) The 
role of the prior austenite grain size on the kinetics of proeutectoid cementite. 
An additional goal of this thesis was to contribute to the understanding of the complex 
subject of pearlitic rail steels, as well as to develop new processing strategies / routes that are 
more economically feasible than the current processing schemes and enhance the mechanical 
properties through modern alloying and microstructural design.  
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 BACKGROUND 2.0 
2.1 RAIL STEELS 
The first metal used to manufacture rails (tramways) was cast iron. This material is brittle and, 
therefore, is not able to distribute the loads through plastic deformation. Due to these 
characteristics, it was not surprising to find rail failures everywhere. The steel rail became a 
practical choice by the second half of the 19th century. Bessemer, open hearth and other steel 
making processes had made relatively high production tonnages of steel possible. Consequently, 
longer rails were commonly hot rolled [11]. 
The performance of the rail steel, in particular its strength and ductility, was much better 
than the cast iron rail. This opened the doors for the fast development of railways throughout the 
world. Currently, steel has completely replaced the use of cast iron for rails. However, the steel 
rails still have many short-comings that lead to their failure. 
Railway companies have increased freight transport weight in order to improve the 
transportation efficiency. Heavy haul railways attempted to extend the rail life. In recent years, 
the wheel load has been increased by 20%; these improvements were based on a technology to 
form fine pearlitic microstructure [16]. It is remarkable that previous improvements in rail life 
have not been achieved by modifying the chemical composition and microstructure of the rails 
[2]. Even though the manufacturers have performed many improvements in steel cleanliness and 
control of mechanical properties, most of the modern rails have pearlitic microstructures and 
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basically, carbon-manganese compositions and a pearlitic microstructure similar to those 
manufactured in the early 1900’s [2]. 
Different approaches have been endeavored in order to improve the mechanical 
properties of rail. Modification of chemical composition, change of type of microstructure and 
even an increase in the number of manufacturing processes (quenching process) to refine the 
microstructure at select locations on the rail have been some of the principal attempts.  
Work to develop bainitic steel rails with better mechanical properties (yield and tensile 
strength) and wear resistance has been undertaken by different researchers [2,9,19-21]. K. 
Sawley and J. Kristan [2] developed various bainitic steels, which were produced in an induction 
furnace in an argon atmosphere. After soaking for 2hr at 1288C (1561K) the ingots were rolled 
to 200mm X 76mm bars. Finishing rolling temperatures were between 940 and 954C (1213 to 
1227K). No reported details on manufacture of these bainitic steel are available, but it is believed 
that no heat treatment was carried out. 
The wear resistance and toughness of bainitic rail containing chromium and molybdenum 
have been assessed [22]. The rail head microstructure consisted of a mixture of 70% bainite and 
30% pearlite but exhibited poor toughness; the wear on the gauge face where there is rolling 
sliding contact, was also worse.  The bainitic steels reached higher tensile and fatigue strengths 
and performed well in service. However, several problems during welding have been registered. 
Service trials subsequently revealed that the bainitic steels wore faster than conventional pearlitic 
rails, when comparisons were made at the same hardness [23].  
Studies with low carbon bainitic steel using laboratory tests  indicated a wear rate some 
ten times faster than pearlite of the same hardness [24]  Even mixed microstructures of bainite 
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and pearlite are found to be less wear resistant when compared with fully pearlitic steels Fig. 2.1 
[25]. 
 
Figure 2.1 Pin-ring wear rate versus hardness data for pearlitic and bainitic steels 
 
Nevertheless, studies from a number of researchers indicated that bainitic steel is not 
suitable for railway applications where rolling–sliding wear limits life [25]. There are still 
several efforts trying to use bainitic steel in railway applications [19,26-28]. 
Even though the newest bainitic steel developed for railways application have 
demonstrated similar or higher yield strength, hardness and ultimate strength than pearlitic steels 
(used for this application), a more thoughtful evaluation of properties in dynamic conditions is 
required.  
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2.2 PEARLITE MICROSTRUCTURE 
The current rail steels are high carbon steels, commonly hyper-eutectoid steels, and they have a 
fully pearlitic microstructure. Pearlite is a two-phase lamellar product (or microconstituent) of 
eutectoid decomposition which can form in steels and in several non ferrous alloys (like Ti-Al 
and Ag-Ga) during transformation under isothermal, continuous-cooling, or forced cooling 
below the eutectoid temperature due to the cooperative and synchronized growth of two 
microconstituents from the austenite[17,18, 29]. The pearlite forms nodules and each nodule is 
made up of multiple colonies; each colony has parallel lamellae which have a different 
orientation with respect to the lamellae of neighboring colonies. Figure 2.2 [30] shows a 
schematic representation of microstructural components of a pearlitic steel. Figure 2.3 shows the 
micrograph of a pearlitic steel. 
 
Figure 2.2 Schematic representation of different microstructural components of a fully pearlitic 
steel 
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Figure 2.3 Typical pearlitic microstructure 
 
When austenite containing approximately 0.8%wt C is cooled down to a reaction 
temperature below the A1 (Figure 2.4) temperature, it becomes simultaneously supersaturated 
with respect to ferrite and cementite; then an eutectoid transformation results as shown in 
Equation 2.1 
γ → α + Fe3C    (2.1) 
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Pearlite nodules nucleate on γ grain boundaries and grow with a roughly constant radial 
velocity into the surrounding austenite grains. Under a small degree of undercooling below A1, 
the number of nucleated nodules are small, and they can grow as hemispheres or spheres, not 
interfering with each other. At larger undercooling, the nucleation rate is much higher and site 
saturation occurs; that is, all boundaries become saturated with nodules which grow together 
forming layers of pearlite. Figure 2.5 shows the pearlite nodule advancing into the austenite grain 
with hemispherical growth front [30a]. 
 
Figure 2.4 Partial of iron – iron carbide phase diagram 
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Figure 2.5 Micrograph of a pearlite nodule advancing into the austenite grain 
 
2.3 PEARLITE NUCLEATION  
The first step in the formation of pearlite is the nucleation of ferrite or cementite on austenite 
grain boundaries. Which one nucleates first depends on the composition, grain boundary 
structure and reaction temperature [31]. In hyper-eutectoid steel, cementite will usually nucleate 
first; in hypoeutectoid steel, the ferrite will nucleate first. Considering hyper-eutectoid steel, the 
cementite will nucleate first. The cementite will try to minimize the energy required for 
nucleation by forming an orientation relationship to one of the austenite grains, γ1. Therefore, the 
nucleus will have a semicoherent interface with γ2. The austenite surrounding the cementite 
nucleus will become depleted of carbon which decreases the driving force for ferrite nucleation. 
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The ferrite nucleates adjacent to the cementite nucleus with a special relationship to γ1. This 
process can be repeated causing the colony to spread sideways along the grain boundary. After 
nucleation of ferrite and cementite, the colony can grow edgewise by the movement of 
incoherent interfaces; that is, pearlite grows into the austenite grain with no relationship between 
them. The carbon rejected from the growing ferrite diffuses through the austenite in front of the 
cementite [33]. Figure 2.6 illustrates the pearlite nucleation and growth. 
 
Figure 2.6 Nucleation and growth of pearlite 
 
It has been observed that the formation of pearlite requires the establishment of the 
cooperative growth of ferrite and cementite. This cooperative mechanism gradually develops 
with time and finally the pearlite forms. In some hyper-eutectoid steels, a low degree of 
cooperation between ferrite and cementite resulted in non-lamellar growth of ferrite and 
cementite, thereby producing the so called degenerated pearlite structure. Partially coherent 
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interfaces strongly reduce the cooperation. When the two faces form in a noncooperative way, it 
is called a divorced eutectoid transformation (DET), in which the divorced cementite particles 
grow directly from the austenite along the cellular γ/α reaction front, without enclosure in ferrite 
shells [33]. The DET mode occurs at lower undercoolings compared with the pearlite mode 
observed at higher undercoolings [34,35]. An example of the degenerate pearlite microstructure 
is shown in Figure 2.7 [35a].  
 
Figure 2.7 Degenerated pearlite microstructure 
 
Another mechanism of the growth of pearlite is the branching mechanism. In this 
mechanism, all the cementite lamellae were branches from one single lamellae or nucleus of 
cementite which had grown from the cementite network, and all the ferrite lamellae also joined 
together to form a continuous crystal. It is, thus, considered that the pearlite unit is regarded as a 
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bicrystal comprising two interwoven crystals of ferrite and cementite [36]. During further 
growth, more branching occurs until the interlamellar spacing characteristic of the transformation 
is reached. Figure 2.8 illustrates, schematically, the branching mechanism [31]. 
 
Figure 2.8 Schematic branching mechanism for the growth of pearlite 
2.4 PEARLITE GROWTH 
There are two principal but different theories proposed for the growth of pearlite. The Zener-
Hillert theory assumes the volume diffusion of carbon in the austenite, ahead of the advancing 
pearlite, is the rate-controlling mechanism [37-39]. Another theory ( Hillert theory), assumes that 
grain boundary diffusion of the carbon atoms is the rate-controlling mechanism [32]. 
In the most accepted theories of pearlite growth, the important parameters are the pearlite 
growth rate (G), and its interlamellar, spacing (S). This last one is to be assumed constant for a 
given temperature. During pearlite growth, the redistribution of carbon may occur in front of the 
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reaction front by volume diffusion through austenite and/or by diffusion along the pearlite – 
austenite interface [14, 35]. 
The Zener [36]–Hillert [40] equation for pearlite growth, G, is based on two important 
assumptions: 1) The austenite (supersaturated by carbon) is in local equilibrium with the 
constituents phases (ferrite and cementite) at the reaction front, and 2) Volume diffusion of 
carbon in austenite is rate controlling. The equation, arising from the flux balance of solute 
required for the reaction and from an accounting made for the influence lamellar interfacial 
energy has on the driving force for the growth, is given by: 
 
𝐺 = 𝐷𝐶𝛾
𝑘
 𝑆2
𝜏𝑐𝑚 𝜏𝛼  �𝐶𝑐𝛾𝛼− 𝐶𝑐𝛾𝑐𝑚𝐶𝑐𝑐𝑚−𝐶𝑐𝛼 � 1𝑆 �1 − 𝑆𝑐𝑆 �   (2.2) 
 
where Dcγ is the volume diffusivity of carbon in austenite; k is a geometrical parameter; Ccγα and 
Ccγcm are the equilibrium carbon concentrations in austenite in front of the ferrite and cementite 
lamellae, respectively; Ccα and Cccm are the respective equilibrium concentration of carbon 
within the ferrite phase and cementite phase; τcm and τα are, respectively, the thickness of 
cementite and ferrite lamellae; Sc is the critical interlamellar spacing for which the growth rate 
becomes zero because the entire driving force is consumed as interfacial energy; and S is the 
interlamellar spacing. Figure 2.9 is a schematic representation of a pearlite growth model [41]. 
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Figure 2.9 A pearlite growth model 
 
Since equation (2) contains two unknown parameters, G and S, for a given ∆T, other 
solutions have been formulated. Boundary diffusion controlled pearlite growth has also been 
regarded by several authors [40-43]. All of them found similar results. The relationship due to 
Hillert [40] is: 
 
𝐺 = 12𝐾𝐷𝐵𝛿 𝐷𝐶𝛾𝑘  𝑆2𝜏𝑐𝑚 𝜏𝛼  �𝐶𝑐𝛾𝛼− 𝐶𝑐𝛾𝑐𝑚𝐶𝑐𝑐𝑚−𝐶𝑐𝛼 � 1𝑆 �1 − 𝑆𝑐𝑆 � (2.3)  
 
where K is the boundary segregation coefficient, DB is the boundary diffusion coefficient, τcm and 
τα are, respectively, the thickness of cementite and ferrite lamellae and δ is the boundary 
thickness. This equation assumes a major portion of solute redistribution by boundary diffusion 
and a smaller contribution by volume diffusion. 
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2.4.1 Effect of Alloying Elements on Pearlite Growth 
The additions of small amounts of substitutional alloying elements such as Ni, Mn, Cr, Mo or 
Nb, result in a significant retardation of the pearlite reaction due to the change in the A1 
temperature and slow diffusion of alloy elements. It is well known that austenite stabilizers such 
as Mn and Ni reduce the A1 temperature and, therefore, slow down the pearlite reaction because 
of the decrease of driving force of transformation at any given temperature below A1 due to a 
reduction in concentration difference (Cxγα and Cxγcm) [44]. Figure 2.10 shows a comparison of 
pearlite growth rate in Mn and Ni steels [44].  
 
Figure 2.10 Comparison of growth rate curves of pearlite in nickel and manganese steels as a 
function of temperature 
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The carbide forming elements, like Si, Mo, Co, Cr, V and Ti, increase the A1 
temperature; in their presence, at lower temperatures, the transformation rates are usually lower 
than those in plain eutectoid steels. These alloying additions partition between ferrite and 
cementite over the entire range of pearlite formation. The drastic reduction in growth rate of 
pearlite at lower temperatures and the associated development of an austenite plateau in the TTT 
diagram have been attributed to the solute drag effect and partitioning of strong carbide formers 
[45]. Silicon is not an austenite-stabilizer element; in fact, it raises the ferrite austenite eutectoid 
temperature and significantly reduces the activity of carbon in ferrite [46]. In TRIP steels, the 
high Si content suppresses the formation of cementite during the bainitic transformation and it 
leads to an increase of stability and the amount of retained austenite [47]. In hyper-eutectoid 
steels, it is known that Si additions retard the precipitation of grain boundary cementite in hyper-
eutectoid steels [48]. 
 
 It is well known that during pearlite growth, the partitioning of alloying elements 
occurs at low supersaturation, favoring alloying element boundary diffusion controlled growth, 
while less partitioning occurs at high supersaturation. At high temperatures, strong solute 
partitioning occurs on low alloy pearlitic steels; with decreasing temperature, the partitioning 
becomes incomplete [45]. The substitutional alloying elements have low diffusivity, and, 
therefore, pearlite growth is controlled by the alloying element diffusion along the austenite-
pearlite boundary 
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2.5 KINETICS OF PEARLITE FORMATION 
The pearlite reaction is a typical nucleation and growth process [49]. That is, the rate of pearlite 
transformation depends on the nucleation of pearlite nodules, Ṅ, and their growth rate, G. 
Different studies have shown that Ṅ increases with time and during the decrease of temperature 
up to the knee temperature of the TTT curve for an eutectoid steel. Figure 2.11 shows the 
variation of nucleation and growth rate of pearlite with temperature [50]. The nucleation rate is a 
microstructure sensitive parameter because it is influenced by the prior austenite grain size, as 
well as other heterogeneities. Reducing the austenite grain size causes an increase in nucleation 
rate. 
 
Figure 2.11 a) Variation of nucleation rate and growth rate of pearlite with temperature,  
 b) Isothermal transformation curve for plain carbon steels 
 
b) a) 
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As Ṅ and G increase with decreasing reaction temperature or increasing the degree of 
undercooling, ∆T, below the A1 temperature, reaching the maximum Ṅ and G at the nose of TTT 
curve, and decreasing subsequently at lower temperature. Even though G is microstructure 
insensitive, it is a strong function of both temperature and alloying elements. The pearlite 
nodules nucleate commonly on austenite grain boundaries, at temperatures below A1 where the 
N/G ratio is not large. The reaction proceeds very slowly, therefore, the few nodules nucleate and 
grow without interfering with one another. Johnson and Mehl [51] found that the volume fraction 
of pearlite formed isothermally follows: 
𝑓(𝑡) = 1 −  𝑒�𝜋𝜋𝑡4𝐺3𝑠 �   (2.4) 
 
where f(t) is the volume fraction of pearlite formed isothermally at a given time t, N is the 
nucleation rate, assumed to be constant; and G is growth rate, also assumed to be constant. 
 
At, a large degree of undercooling, the nucleation rate is much larger and many small 
nodules nucleate and site saturation occurs [52]. The transformation simply proceeds by the 
thickening of pearlite layers into the grains [52,53]. 
2.5.1 Effect of Alloying Elements on the Eutectoid Composition and Temperature 
The ferrite and austenite stabilizers enlarge the respective phase field. Adding alloy elements to 
the iron-carbon alloy (steels) makes the location of transformation lines A1, A3, Acm and the 
eutectoid composition change. An example of how the ferrite and austenite stabilizers change the 
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transformation lines is shown in Figure 2.12 [54]. From this figure is clear that only 1wt% of Ti 
is enough to practically eliminate the γ field; on the other hand, 20wt% of chromium is needed to 
reach the same result.  
 
Figure 2.12 Effect of alloying elements on g phase field: a) Titanium, b) Chromium 
 
 Bain [55] introduced diagrams in which can be seen the influence of increasing the 
amount of certain elements on the eutectoid carbon content and A1 temperature. Figure 2.13a 
shows the influence on eutectoid temperature and 2.13b, shows the related influence on eutectoid 
carbon content [56,57]. The austenite stabilizers reduce the eutectoid temperature thereby 
widening the temperature range over which austenite is stable. 
 
 
b) a) 
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Figure 2.13  Effect of alloying elements on a) Eutectoid reaction temperature and b) Eutectoid 
carbon content 
2.5.2 Interlamellar Spacing 
The interlamellar spacing is a very important microstructural parameter of eutectoid steels 
controlling strain hardening and ductility. Fine pearlite is a desirable microstructure for pearlitic 
steels with an exponential strain hardening rate resulting in a final high tensile strength [58]. The 
reduction of interlamellar spacing generates a reduction of cementite thickness. The pearlitic 
constituent, having lower than the equilibrium carbon content, is called diluted pearlite. More 
diluted pearlite can be obtained by decreasing either the eutectoid carbon content by additions of 
alloying elements or by decreasing the transformation temperature which can lead to the 
formation of more than the equilibrium amount of pearlite in hypoeutectoid steels. Thus, a dilute 
pearlite can provide a good combination of strength and toughness [59]. 
a) b) 
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In pearlitic steels, the relation between the volume fraction of pearlite, fp, initial 
interlamellar spacing, S, and cementite thickness, t, can be expressed as indicate in equation 2.5 
[60]. The increased interlamellar spacing leads a thicker cementite lamella. 
t = 0.15 (wt%C) S / fp    (2.5) 
2.6 CEMENTITE 
Cementite, or iron carbide, contains 6.67%C (by weight) or 29 at %corresponding to the formula 
Fe3C. Cementite is a metastable Fe-C intermetallic compound. In carbon alloy steels, some of 
carbide-forming elements, for example manganese and chromium, will replace some of the iron 
in cementite; therefore,  the formula for cementite is often referred to as M3C, where M 
represents the carbide forming elements present [61]. 
The cementite structure is orthorombic with 12 iron atoms and 4 atoms of iron in the unit 
cell. Its lattice dimensions have been measured by different approaches. Examples of these 
dimensions are: a= 4.5155 Å, b= 5.0773 Å and c= 6.7265 Å [62] or a= 5. 0896 Å, b= 6.7443 Å, 
and c=4.5248 Å [63]. 
In cubic close-packed (FCC) iron, (γ-Fe), the volume per atoms is 11.47 Å3, and in the 
body center structure (α-Fe), it is 3 percent greater. The corresponding free volume per iron atom 
in cementite (Fe3C) is 12.94 Å3. This is 12 percent greater than the close packed volume. 
Cementite has a different crystal structure and is an ordered compound. Pearlite is composed of 
approximately 12 percent of cementite. The iron lattice in the cementite structure differs from the 
close packed structure by reason of the necessity to accommodate carbon atoms in the ratio 
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1:3[63]. It is ferromagnetic with a Curie temperature of 215C. In contrast to ferrite and austenite, 
cementite is hard (over VH 1300) and brittle. Cementite has a low tensile strength but high 
compressive strength [64].  
This phase plays an important role on the mechanical properties of commercial steels. W. 
J. Kim and O. D. Sherby [65] measured the influence of the volume fraction of cementite on the 
hardness of hyper-eutectoid steels. Figure 2.14 shows how the hardness increases as the volume 
fraction of cementite increases. These results suggest that the strength of the cementite phase is 
higher than that of ferrite phase at low temperature [65]. 
 
Figure 2.14 Hardness test measurements for Fe-C alloys 
 
The effect of cementite volume fraction on superplasticity has been also estimated. In 
Figure 2.14 the tensile elongation data from ingot processed Fe-C alloys as a function of volume 
fraction of cementite at a given temperature and different strain rates, can be seen. It is clear in 
24 
 
Figure 2.15 that the elongation increases as the cementite volume fraction increases up to a value 
of 25%, having an optimum value at 27%. However, this property decreases from the optimum 
values to higher values of cementite volume fraction.  
 
Figure 2.15 Tensile elongation data as a function of volume fraction of cementite 
2.6.1 Proeutectoid Cementite  
When steels with carbon content higher than the eutectoid composition (hyper-eutectoid steels), 
are heated above the transformation temperature, Acm, for a time necessary to obtain an 
homogeneous austenite, and then it is continuously cooled through the transformation 
temperature, Arcm, the first phase formed, is the proeutectoid cementite. This phase is formed 
along the austenite grain boundaries and in other defects (and in some cases in undiluted 
carbides) upon cooling between Arcm and Ar1. Figure 2.16 shows an example of proeutectoid 
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cementite in eutectoid steels. The cementite has formed a thin network along the prior austenite 
grain boundaries and the balance of the microstructure is pearlite formed below Ar1. After longer 
transformation times, proeutectoid cementite may also precipitate intragranularly, usually in the 
form of Widmastatten plates [66]. 
 
Figure 2.16 Optical micrograph showing proeutectoid cementite network on prior austenite grain 
boundaries 
 
In a better examination, M.V. Kral and G. Spanos [67] have shown that the proeutectoid 
cementite in the prior austenite grain boundaries reveals a fernlike or dendritic characteristic, as 
in shown in Figure 2.17.  
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Figure 2.17 SEM micrographs of deep etched samples. a) Proeutectoid cementite grain film with 
dendritic feature. b) Fernlike cementite precipitated covering grain boundaries 
 The eutectoid and hyper-eutectoid steels are used in a number of important applications 
where high strength, wear resistance, ductility, toughness and low cost are important. The most 
important of these applications are the high strength wires and high strength rails. In wire rods, 
the precipitation of proeutectoid cementite along the grain boundaries deteriorates the 
drawability. In other applications, the presence of this phase on the grain boundaries has been 
identified as a source of embrittlement [15]. One of the mechanical properties affected by the 
presence of proeutectoid cementite is the toughness. Steels with the same grain size, pearlite 
content, cementite grain boundary network, and similar strength can vary in impact transition 
temperature. This has been related to the difference in thickness of the proeutectoid cementite 
networks [68]. Even though several investigations have been conducted on the effect of different 
alloying elements on the cementite precipitation, their influence on the type of precipitate and the 
nucleation sites is still not completely understood. An alloying element having a higher carbide 
a) b) 
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solubility than the ferrite is not likely to have a large effect on the growth rate of the carbide. 
However, it may control the structure of carbide precipitated. On the other hand, if the alloying 
element is essentially not soluble in the carbide, it can have a large effect on the rate of growth of 
the carbide [69]. 
2.6.2 Orientation Relationship between Austenite and Cementite 
An understanding of the crystallography of any transformation is important since the properties 
of the interfaces depend on the relative disposition of crystals that they join. The development of 
morphology also depends on crystallography since this determines the orientation of the interface 
energy [70]. 
The frequency of occurrence of any particular orientation usually far exceeds the 
probability of obtaining it by simply taking two separate crystals and connecting them in an 
arbitrary way. This indicates that there are favored orientation relationships, perhaps because it is 
these which allow a best fit at the interface between the two crystals. This would reduce the 
interface energy and hence, the activation energy for nucleation. Embryos which happen to be 
oriented in this manner would find it relatively easy to grow into successful nuclei, giving rise to 
a non-random distribution [70]. 
A pearlite colony is two interpenetrating single crystals of ferrite and cementite, neither 
of which is orientation related to the austenite grain in which they are growing. However, there is 
always a well defined crystallographic orientation between the ferrite and cementite. At least two 
different relationships have been identified, they are [71]: 
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Pitsch /Petch relationship  
 (001)c // (521)α (010)c 2.6° from [113]α (100)c 2.6° from [13ī]α 
Bagaryaski relationship 
 (100)c // (0ī1)α  (010)c // (0īī)α   (001)c // 
(211)α 
When the cementite precipitates first in an eutectoid steel, the cementite will try to 
minimize the activation energy barrier to nucleation by forming with an orientation relationship 
to one of the austenite grains, γ1. The crystal structure of cementite is orthorhombic and the 
orientation relationship is close to: 
 
Figure 2.18 Schematic representation of austenite grains 
 
Therefore, the nucleus will have a semicoherent, low mobility interface with γ1 and an 
incoherent mobile interface with γ2. The austenite surrounding this nucleus will become 
exhausted of carbon which will increase the driving force for the precipitation of ferrite and a 
(100)c // (1ī1)γ 
(010)C // (110)γ 
(001)C // (ī12)γ 
γ1 
γ2 
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ferrite nucleus will form adjacent to the cementite nucleus, also with an orientation relationship 
to γ1 (the Kurdjumov –Sachs relationship) [32].See Figure 2.18. 
2.7 THE EFFECT OF PRIOR AUSTENITE GRAIN SIZE ON THE SIZE 
OF THE PEARLITE NODULES 
The initiation of a pearlitic microstructure from austenite entails the formation of neighboring 
nuclei of ferrite and cementite on an austenite grain boundary. Supposing that initially, only one 
nucleus of cementite forms on this boundary, this region will be locally rich in carbon, which 
was obtained from the immediate surroundings. This then, reduces the carbon content on either 
side of the cementite nucleus and encourages the adjacent nucleation of ferrite. If this occurs and 
the cooperative process continues, adjacent nuclei of alternating ferrite and cementite are formed.  
This sequence leads to the transformation of austenite to a lamellar product that has a 
specific spatial orientation in which the ferrite and cementite phases are parallel to each other 
within a colony region. In reality, for each colony of pearlite, the lamellae are mostly parallel and 
are frequently curved. However, different pearlite colonies have different lamellae orientations, 
and, as the transformation continues, neighboring colonies of lamellae join and continue to 
advance into the austenite, such that when the transformation occurs at low degrees of 
undercooling, the colony groups advance by a transformation front that is roughly spherical in 
shape, leading to the formation of a pearlite nodule.  
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Eventually, as the nodules continue to grow and they impinge on one another to complete 
the transformation. If the temperature at which the transformation is occurring is decreased, such 
that the undercooling allows the nucleation process to become so fast that all of the austenite 
grain boundaries are consumed very quickly during transformation, the pearlite nodules are then 
observed to be in contact along the prior-austenite boundaries as a continuous cementite network. 
In previous work, A.M. Elwazri et al. [72], have shown that the austenite grain size has a direct 
effect on the pearlite nodule; the larger is the austenite grain size the larger is the pearlite nodule, 
as shown in Figure 2.19.  
 
 
 
 
 
 
 
 
 
Figure 2.19 Effect of prior-austenite grain size on the nodule size for hyper-eutectoid steels 
2.8 ROLE OF MICROSTRUCTURE ON THE MECHANICAL 
PROPERTIES 
The relation of microstructure to the mechanical properties in carbon steels has been the subject 
of considerable research. It is well known, for example, that increasing the carbon content 
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increases steel’s strength, but usually only at the expense of fracture toughness. More 
specifically, however, there is considerable debate as to how microstructure variations affect 
mechanical properties [73]. It is generally agreed that in high carbon, near-eutectoid steels, it is 
the pearlite rather than proeutectoid ferrite that controls strength, and refining the pearlite 
interlamellar spacing results in an increase in yield strength [73-75]. There have been conflicting 
results reported in the literature as to the effect of pearlite interlamellar spacing, pearlite colony 
size and prior austenitic grain size on the toughness of steels. This is because, in part, it is 
difficult to isolate the contribution of each of the microstructural variables.  
In general, information [76-79] has been found that pearlite interlamellar spacing has an 
effect on the yield strength, following the Hall-Petch relationship: 
𝜎𝑦𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑦𝑠𝑠𝑠ℎ = 𝜎𝑦 + 𝐾𝑦λ−12    (2.6) 
where σi is the friction stress required for dislocation to move through the lattice; Ky is Hall-
Petch slope and λ is the interlamellar spacing. 
Values of σi and Ky obtanied by Bouse et al. [77], for non-vanadium steels, are -342 
MN/m2 and 0.381 MN/m3/2, respectively, and for the vanadium steels -313 MN/m2 and 0.436 
MN/m3/2, respectively. Karlsson and Linden [80] (Figure 2.20) have summarized existing data 
for eutectoid steels and suggest a best mean value for Ky. Apparently, additions of manganese, 
silicon and vanadium all help to increase the Hall-Petch slope of the primarily pearlite 
microstructure. 
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Figure 2.20 Yield strength as a function of the pearlite interlamellar spacing for eutectoid and 
hypoeutectoid steels 
As the carbon content decreases, the alloy microstructure becomes a ferritic-pearlitic 
mixture, and the pearlite can become contained in isolated grains, often surrounded by ferrite 
grains. When this occurs, the dependence of strength in the pearlite spacing drops rapidly. 
Eric M. Taleff [79], proposed a relationship of interlamellar spacing and pearlite colony 
size with the yield strength for ultra-high carbon steels, based on the Hall-Petch equation. 
𝜎𝑦𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑦𝑠𝑠𝑠ℎ = 310�√2 2 λ�−12 + 460 P−12  (2.7) 
 
where λ is the interlamellar spacing; P is the pearlite colony size. The length is in units of µm 
and the stress in units of MPa. 
J.M. Hyzak and I.M. Bernstein [73] found that yield stress had a strong relationship with 
the pearlite interlamellar spacing. See Equation 2.8.  
𝜎𝑦𝑦𝑦𝑦𝑦 𝑠𝑠𝑠𝑦𝑠𝑠𝑠ℎ = 316λ−12 − 5.79 X 10−2P−12 − 4.17X10−1𝐷𝛾−12 + 7.58  (2.8) 
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where λ is the interlamellar spacing; P is the pearlite colony size and Dγ is the prior austenite 
grain size. 
Equation 2.7 shows that increases in yield strength correlate best with decreases in 
pearlite interlamellar spacing, and although the prior austenite grain size also has an effect on 
strength, the correlation is not as great. Indeed, further analysis indicates that pearlite spacing 
alone can account for 84% of the variation of the stress while prior austenite grain size accounts 
only for 3.7%. Variation in pearlite colony size has a minimal effect on strength [73-81]. 
 
Results from different sources [52,79] indicate that yield strength does increase, 
somehow, as the prior austenite grain size increases. This effect is attributable to the relationship 
between prior austenite grain size and interlamellar spacing. For a given isothermal 
transformation temperature, pearlite spacing decreases as the prior austenite grain size increases. 
An example of this effect is shown in Figure 2.21 for ultra-high carbon steels (UHCS). 
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Figure 2.21 Pearlite interlamellar spacing versus austenitizing temperature for UHCS 
 
A.M. Elwazri and P. Wanjara [82], working with hyper-eutectoid steels, showed a direct 
relationship between the yield and tensile strength with the interlamellar spacing. Figure 2.22 
shows this relationship. Information from Gladman, et al. [74], Hyzak and Bernstein [73] and 
Taleff, et al. [79], on eutectoid steels and ultra-high carbon steel (1.5 – 1.8 %C) sustain the idea 
that strength varies linearly with the inverse square root of interlamellar spacing.  
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Figure 2.22 Interrelation between the strength and interlamellar spacing 
 
Among the mechanical properties that are strongly affected by the interlamellar spacing, 
the hardness has a close relationship with this microstructural characteristic. Figure 2.23 shows 
how the hardness correlates with pearlite interlamellar spacing. This is from the work of Clayton 
and Danks [83]. 
 
Figure 2.23 Hardness as a function of pearlite interlamellar spacing for various rail steels 
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Refining the prior austenite grain size is beneficial in low carbon steels by promoting an 
increased yield strength and a reduction in the Charpy transition temperature. For low-carbon 
steels, the ferrite grain size controls the strength and toughness. In the hypoeutectoid steels, prior 
austenite grain size has been found to exercise primary control over toughness. It has been 
observed [50, 73] that the finer prior austenite grain sizes reduce the transition temperature. 
Figure 24a) and b), indicates the dependency of austenite grain size on the transition temperature. 
Figure 24b) shows that the Charpy transition temperature is shifted down the temperature scale 
as the grain size is decreased, with the pearlite spacing maintained at a constant value. 
 
Figure 2.24 a) Dependency of prior austenite grain size on the transition temperature b) Charpy 
transition curves as a function of prior austenite grain size 
b) 
a) 
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2.9 WEAR - MICROSTRUCTURE AND MECHANICAL PROPERTIES 
RELATIONSHIP 
It has been considered that the wear in rail steels has three different stages [83]. The first stage 
consists of severe plastic deformation in a thin surface layer of the rail, with a depth around 
0.1mm. This is caused by the repeated heavy compressive and shear loading produced by the 
wheel. The second stage consists of the development of subsurface cracks in the severe 
deformation layer, commonly at the interface of the deformed layer and the undeformed 
microstructure. The third stage of wear is the propagation of cracks to the surface of the rail and 
the associative spalling off to small slivers or flakes from the rail. This sequence of deformation 
and fracture is repeated many times to produce substantial rail wear. 
 
The classic view of wear has shown that improved rail wear resistance correlates with 
interlamellar spacing of pearlitic microstructures (Figure 2.25b), which formerly was related to 
the strength (Figure 2.22) and hardness (Figure 2.23). Decreasing the interlamellar spacing 
increases the value of these mechanical properties. Clayton and Danks [83] have shown in 
previous work that wear has a relationship with the hardness in eutectoid steels. Figure 25a 
shows the hardness correlation with wear resistance for rail steels. The higher the hardness of the 
steel, the lower is the wear of the rail. Consequently, the rail wear can be related as being directly 
proportional to the interlamellar spacing, as shown in Figure 25b [84]. 
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Figure 2.25 a) Wear resistance as a function of hardness for various rail steels tested at contact 
pressures of 1220 N/mm2 and 700 N/mm2, b) Wear rate as a function of pearlite interlamellar 
spacing for various rail steels tested at contact pressure of 1220 N/mm2 and 900N/mm2 
2.10 DEFORMATION OF PEARLITE 
There are two remarkable deformation mechanisms in pearlite, homogeneous and 
inhomogeneous deformation [85]. The inhomogeneous deformation takes place when one highly 
stressed slip system in the ferrite is nearly parallel to the plane of the lamellae.  Homogeneous 
deformation takes place when the slip distances of all operative slip systems in ferrite are 
approximately equal.  
Coarse pearlite has low strength and initially deforms by dislocation generation at the 
ferrite/cementite interface. As the deformation continues, slip localizes into slip bands which 
create offset in the cementite [86]. These offsets act as stress concentrators, thus increasing the 
fiber-loading stresses in the lamellae. Fracture of the cementite ensues, creating an easy path for 
further deformation, increased shear in the neighboring ferrite along the slip band followed by 
a) b) 
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fracturing adjacent cementite lamellae [86]. Eventually, voids form in the ferrite at the fracture 
ends of the cementite lamellae. The local stresses are concurrently elevated by work hardening, 
even during void growth, eventually producing rapid brittle fracture in a tensile specimen when 
the local stresses reach the cleavage value [87]. All these processes are called the shear cracking 
process. Figure 2.26 shows the mechanism of pearlite deformation. 
 
 Fine pearlite, on the other hand, possesses higher strength and deforms in a more 
homogeneous manner. Slip is more homogeneous, but slip bands are more closely spaced. The 
finer cementite also behaves in a more ductile manner, as it may break by necking rather than 
failing in a brittle manner. Cleavage fracture intervenes in this ductile behavior, interrupting the 
void growth process. Even though, both (coarse and fine) microstructures fail by cleavage, the 
mode of fracture mode initiation apparently differs.  
 
Figure 2.26 Shear cracking of pearlite, a) Cracking of cementite plate; b) Shear zone developing 
in the ferrite causing cracking of neighboring plates, c) Void formation and d) void coalescence 
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 STATEMENT OF OBJECTIVES 3.0 
The general objective of this investigation was to develop understanding and guidelines for the 
optimization of fully pearlitic microstructures in terms of: 
 
A) Interlamellar spacing; B) Pearlite colony size; C) Control and elimination of the 
proeutectoid cementite formation; and D) The role of the prior austenite grain size on the kinetics 
of proeutectoid cementite. To achieve this objective, we analyzed thirteen commercial steels 
provided by the sponsor of this research. 
 
An additional goal of this thesis was to contribute to the understanding of the complex 
subject of pearlitic rail steels, as well as to develop new processing strategies / routes that are 
more economically feasible than the current processing schemes and enhance the mechanical 
properties through modern alloying and microstructural design. 
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 EXPERIMENTAL PROCEDURE 4.0 
Before developing any alloy design, and in order to gather more information of the type of steel 
we were working with, a systematic microstructural assessment of thirteen commercial steels 
was conducted. The microstructural assessment was performed in terms of interlamellar spacing, 
pearlite colony size as well as prior austenite grain boundaries, determination of proeutectoid 
cementite and the assessment of the non-metallic inclusions. From each steel we cut samples 
from three different locations of the rail. Figure 4.1 shows the rail profile and the location from 
which the samples were taken.  
 
Figure 4.1 Rail profile, indicating sampling locations 
 
With the information collected by the microstructural assessment, and with an extensive 
literature survey, we were able to design the chemical composition of the steels for this research.  
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4.1 ALLOY DESIGN 
The composition of the steels used in this investigation in weight percent and atomic percent, are 
shown in Table 4.1. The three steel compositions are designated as Rsteel 1, Rsteel 2 and Rsteel 
3. One of the primary objectives of this research is the control and elimination of proeutectoid 
cementite formation on austenite grain boundaries, therefore, the effect of substitutional solutes 
on the suppression of cementite formation became of primary interest. Silicon and vanadium 
were selected as important alloying elements. Silicon has a strong influence on the suppression 
of cementite. On the other hand, vanadium has been identified as a modifier of grain boundaries. 
Three different silicon contents and two different vanadium contents in the steels were selected 
to study their effect on the kinetics of proeutectoid cementite formation. 
 
This study was also focused on studying the influences of different alloying elements on 
the transformation temperature which has a direct effect on the kinetics of pearlite 
transformation. The degree of undercooling controls the spacing between the lamellas of 
cementite. This undercooling gradient has to do with the transformation temperature. Moreover, 
the content of niobium was varied with the idea to study its influence on the dynamic properties 
of these steels; three different niobium contents were selected to examine its effect.  
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Table 4.1 Chemical composition in weight % and (atomic %) 
Element RSteel 1 RSteel 2 RSteel 3 
C 0.728 (0.488) 
0.797 
(0.509) 
0.846 
(0.585) 
Mn 1.012 (0.148) 
1.245 
(0.174) 
1.156 
(0.175) 
P 0.0026 (0.0006) 
0.0061 
(0.0015) 
0.0075 
(0.002) 
S 0.0021 (0.0005) 
0.0024 
(0.0006) 
0.0023 
(0.0006) 
Si 0.821 (0.235) 
0.7 
(0.191) 
0.494 
(0.146) 
Ni 0.088 (0.012) 
0.091 
(0.0119) - 
Cr 0.192 (0.029) 
0.251 
(0.037) 
0.249 
(0.039) 
Mo 0.253 (0.021) 
0.255 
(0.020) 
0.249 
(0.022) 
V 0.205 (0.0324) 
0.177 
(0.266) - 
Al 0.0452 (0.0135) 
0.0324 
(0.0092) 0.0425 
Cu 0.094 (0.012) 
0.091 
(0.011) 
0.081 
(0.0106) 
Nb 0.033 (0.0028) 
0.0351 
(0.0029) 
0.0254 
(0.0022) 
N 0.0061 (0.0035) 
0.0056 
(0.0031) 
0.0056 
(0.0033) 
 
These steels were melted under vacuum conditions and poured into 140 Kg ingots. One 
half of the ingots was hot rolled to plates of approximately 38.1mm in thickness using standard 
reheating and rolling conditions and air cooling to room temperature (ACRT). 
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4.2 MATERIAL PROCESSING 
One ingot obtained from each steel was hot rolled to plates approximately 38.1mm in 
thickness using standard reheating and rolling conditions and ACRT. From these blocks, 
cylindrical compression specimens were machined. The schematic representation of a 
standard compression specimen is shown in the Figure 4.1, below. The dimension of a 
specimen is 12.7mm in diameter by 19.05mm h in height. Prior to the compression tests the 
specimens were nickel plated to minimize the oxidation of the test specimens during 
reheating. In addition, to prevent any barreling effects or reduce shear stresses caused by 
friction, single or double applications of glass based lubricant or a mixture of two types of 
glass based lubricant called DeltaGlaze® are used based on the hot deformation temperatures 
and other deformation parameters.  
The temperature control is done by inserting a K-type thermocouple from Omega® at the 
mid-height of the specimen, see Figure 4.2. In addition, a second K-type thermocouple was 
used to record heating rates, cooling rates or transformation behavior. The cylindrical 
samples were homogenized at 1200C for 2hr. The hot compression tests were performed in a 
modified computer-controlled high temperature MTS Model 458 servo hydraulic machine. 
This system consists of a frame rated at 50 KN. The force is applied by an hydraulic piston at 
the bottom of the machine which moves upward to produce the deformation under 
compression. The hydraulic piston controlled by a servo-valve is rated dynamically at 500 
KN. The load capacity of the machine is 222.5 KN. All deformations were carried out at a 
strain rate of 20 s-1. The other deformation parameters, such as amount of deformation (ε), 
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the deformation temperature (Tdef), and delay time (t) were varied in different ways to obtain 
the suitable conditions of microstructure and mechanical properties.  
 
Figure 4.2 Schematic of a standard compression specimen 
 
The schematic description of the hot deformation simulation in these experiments is 
illustrated in Figure 4.3. 
The second ingot of each steel composition was hot rolled on a computer controlled 
laboratory scale rolling mill with the conditions obtained from the thermomechanical studies. In 
addition to the hot rolling simulations, this section also includes analysis of the subsequent heat 
treatments. 
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Figure 4.3 Schematic representations of the thermomechanical experiments 
4.3 OPTICAL MICROSCOPY 
Samples from thirteen current commercial steels and the specimens from the hot rolling 
experiments were mounted and ground with abrasive paper (320, 400, 800, 1200 and 2400) and 
polished using alumina (1µm and 0.05µm). In order to reveal the austenite grain boundaries, the 
samples were etched with two different chemical agents. First, at room temperature, they were 
immersed in a 5% HCl distilled water solution for 5seconds. Secondly, at 98 C, samples were 
immersed in picric acid saturated solution until the grain boundaries were revealed. The use of 
the HCl solution was intended to eliminate the sensitivity of some grain boundaries. The 
specimens were then studied under the optical microscope.  
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Quantitative metallography was performed using the computer controlled BioQuant 
image analyzer to determine the average prior austenite grain size. At least 150 grains were 
measured in every sample.  
4.4 ELECTRON MICROSCOPY TECHNIQUES 
For the analysis of interlamellar spacing as well as the pearlite colony size, the specimens were 
etched at room temperature using two etchants. First, they were immersed in a 5% HCl distilled 
water solution for 5seconds. Then they were etched with a 3% nitric acid ethanol solution until 
the desired microstructure was revealed. The analysis of these microstructural features was 
performed in the scanning electron microscopy (SEM) JEOL operated at 10KeV. Quantitative 
metallography was performed using the computer controlled BioQuant image analyzer to 
determine the average pearlite colony size. At least 500 interlamellar spacings and 200 colony 
sizes were measured in every sample. All samples observed by this technique were coated with 
sputtered palladium.  
Analysis of proeutectoid cementite kinetics was also performed in the scanning electron 
microscope. Samples for this study were first immersed in a 5% HCl distilled water solution for 
5 seconds. Then the samples were immersed in 100 ml of saturated picric acid solution and three 
grams of diiodobenzene sodium sulfonate. The samples immersed in the solution at 98C and 
were placed in the ultrasonic equipment from 5 to 10 seconds until the proeutectoid cementite 
was revealed. 
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Electron back scattering diffraction, (EBSD), analysis was used to provide the 
information on the crystallographic relationship between the austenite grain boundary and the 
proeutectoid cementite formation. The samples used for EBSD analysis were cut, ground and 
polished as described in the optical microscopy section. In addition, the Vibromet 2 vibratory 
polisher was used for fine polishing. In this case, the polishing time on the Vibromet varied from 
5 to 40 minutes. The standard operation procedure of EBSD observation was employed in this 
part of work. For every scattering process, 15KeV and spot size of 4 were applied. The frame 
number is always set at 8 and the hexagonal scan mode is used with the step size varying from 
0.1 to 0.5µm determined by features of interest. The information collected was processed by 
using OIM data collector software.  
4.5 MECHANICAL TESTING 
Preliminary to the final mechanical tests, a series of hardness measurements were performed in 
order to obtain the best combination of microstructure and hardness in terms of chemical 
composition and volume fraction of proeutectoid cementite. The results of these tests helped to 
form the criteria under which the steels and treatments were chosen for the subsequent and final 
evaluation. The hardness testing evaluation of all specimens was performed in accordance with 
ASTM standard specifications.  
With the criteria of hardness and microstructure, the suitable steels were selected and 
tensile samples were machined. All tensile tests were performed at room temperature using an 
Instron tensile machine with a cross head speed of 0.2 cm/min. An MTS 24.5mm gauge length 
extensometer was attached to the tensile samples. The extensometer is capable of measuring 
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deflection up to 50 % from the original length. The tensile test evaluation from samples hot 
rolled in a laboratory mill were performed in accordance with ASTM standard E-517 using the 
MTS 880 servohydraulic machine. 
 
The samples which exhibited the highest yield strength and the largest elongation on the 
tensile test, were selected to perform the fracture toughness evaluation. The fracture toughness, 
parameters KQ and/or K1C, were evaluated in samples obtained from material hot rolled on a 
laboratory mill. These tests were conducted by a certified laboratory (Bodycote).  
4.6 WEAR TEST 
The wear test was carried out on the disk machine (Figure 4.4). A Pin-on-disc tribometer was 
used to perform the sliding wear testing. The tribometer consists of a spine rotational base where 
the disk is held and a pin contacts the disk with an established load. The pin-on-disk experiments 
were carried out in several numbers of cycles (50, 100, 1000, 5000 and 10000). The disk used 
was 65mm in diameter and 6mm thick. The pins used for this test were made from tool steel 
quenched and tempered with a hardness value of 68 ± 1HRC, the radius of the pin was 6.3mm, 
with a length of 20.7mm. Figure 4.5 shows the configuration and sizes of the samples as well as 
the wear testing representation. 
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Figure 4.4 Wear test machine 
 
 
 
 
  
 
 
 
 
Figure 4.5 a) Sampling from the rolled material b) Configuration and dimensions of disk and pin 
c) Schematic representation of wear testing 
 
 
10mm 
Load ∼5 N 
a) 
c) 
b) 
 
Radius 
6.3mm 
20.7mm 
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The contact load used in these tests was the highest load allowed in the tribometer, 500gf 
(~5N). The rotational velocity used was 10 rpm. The tribometer registers the normal and friction 
forces. The diameter of the track described during the wear test was 10mm for all cycles. Disks 
and pins were ultrasonically cleaned for 20min in acetone. The disks were dried in air. After the 
acetone cleaning, the disks and pins were held for 24hr before the wear test in desiccators at 
room temperature. In order to avoid any type of contamination, the entire manipulation of disks 
and pins was done with pincers. A new pin was used for each cycle. The constant force applied 
to the pin produced a Herztian force equivalent to 0.94 GPa. The formula used to calculate the 
Herztian force is:  
𝑃𝑜 = �6𝑊𝐸∗2𝜋3𝑅2 �13 =  �6(10𝑁)(144.76 𝑋 𝑋109𝑃𝑃)2𝜋3(0.8𝑋10−3𝑚)2 �13    (4.1) 
where W is the load applied in the tribometer, R is the radius of the Pin, E* is called 
effective Young Modulus and it is calculated by: 
1
𝐸∗
= 1−𝑣12
𝐸1
+ 1−𝑣22
𝐸2
    (4.2) 
where: E1 and E2 are the Young modulus of the pin and the disk material, respectively, 
and ν1 and ν2 are Poisson's ratio of the pin and the disk material. 
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4.7 ISOTHERMAL TRANSFORMATION STUDIES 
Samples from different steels were cut in thin slides to a thickness of 1mm and were attached to 
a k-type thermocouple. The samples attached to the thermocouple were heated in a controlled 
argon atmosphere furnace up to 1050C (around 100C above Acm). The samples were heated for 2 
minutes. After that, the samples were quickly transferred to an adjacent box furnace where the 
samples were subsequently quenched into a molten mixture of barium chloride and sodium 
chloride salt (in a volume ratio of 70:30) at temperatures ranging from 850C to 550C, for times 
ranging from 5 seconds to 30 minutes. The temperature of the furnace was controlled to within 
±5C and the salt bath was controlled to within ±2C. After the isothermal reaction in the salt bath, 
the samples were quenched into ice water. A schematic representation of this process is shown in 
Figure 4.6. 
After heat treatment, the samples were cut and mounted facing the transverse section and 
it were prepared for optical microscopy by the standard grinding and polishing procedures.  
 
 
 
 
 
 
 
 
Figure 4.6 Schematic representations of isothermal transformation studies 
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 RESULTS 5.0 
5.1 MICROSTRUCTURAL ASSESSMENT OF COMMERCIAL RAIL 
STEELS 
A systematic microstructural analysis of the 13 commercial rail samples received from different 
companies was performed. Samples from the 13 different steels were cut, mounted, polished and 
etched for microstructural examination using standard metallographic techniques. Measurements 
of interlamellar spacing as well as the pearlite colony size and prior austenite grains size were 
made with the aid of a computer controlled automated image analysis system. Optical 
microscopy (OM) and scanning electron microscopy (SEM) were used in this analysis. The SEM 
results showing micrographs of the pearlitic microstructure and interlamellar spacing for various 
steels investigated are shown in Figure 5.1. The measurements of interlamellar spacing were 
performed on these micrographs. The analysis of pearlite colony size was also performed using 
multiple SEM micrographs. Examples of those micrographs, delineating the pearlite colony from 
different steels, are shown in Figure 5.2. Figure 5.3 shows optical micrographs of austenite 
grains from different commercial steels. The measurement of all microstructural features was 
performed with the help of an automated BioQuant NOVA image analysis as stated in the 
experimental procedure section. The results of interlamellar spacing measurements, pearlite 
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colony size and austenite grain size from three different locations of the rail are summarized in 
Table 5.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 SEM micrographs showing the interlamellar spacing of some of the commercial steels        
a) Steel A, b) Steel B), c) Steel K, d) Steel L, e) Steel D, and e) Steel I 
 
a) b) 
 
c) d) 
 
f) e) 
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Figure 5.2 SEM micrographs showing the pearlite colony of some of the commercial steels          
a) Steel E, b) Steel D), c) Steel K, d) Steel M, e) Steel A, and e) Steel B 
 
 
 
a) b) 
c) d) 
e) f) 
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Figure 5.3 Optical micrographs showing the austenite grain boundaries of some of the 
commercial steels. a) Steel A, b) Steel D), c) Steel E, d) Steel B, e) Steel M, and e) Steel C 
  
  
  
a) b) 
c) d) 
e) f) 
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Table 5.1 Values of interlamellar spacing, pearlite colony size and prior austenite grain size from the commercial steels 
 Interlamellar Spacing [µm] Pearlite Colony [µm] Prior Austenite Grain [µm] 
Internal ID Head Web Foot Head Web Foot Head Web Foot 
A 0.1001 0.15 0.154 2.6 3.3 3.2 67.9 74.4 21.3 
B 0.101 0.129 0.135 1.9 3.6 2.4 59.4 32.1 27.3 
C 0.088 0.153 0.197 2.1 3.5 4.2 34.7 64.6 21 
D 0.094 0.146 0.191 2.1 4.6 3.9 34.7 27.2 28.5 
E 0.089 0.145 0.163 2.9 3.9 3.7 28.8 32.1 26.3 
F 0.117 0.12 0.116 2.9 3.6 3.1 23.3 32 22.1 
G 0.07 0.107 0.132 2.8 4.4 3.2 24.8 27.9 22.2 
H 0.098 0.133 0.145 2.9 3.9 2.9 25.9 47.8 23.9 
I 0.088 0.148 0.178 2.8 2.7 3.9 58.6 61.5 20.5 
J 0.078 0.129 0.175 2.4 2.6 4.3 32.4 60.8 27.3 
K 0.08 0.177 0.148 2.5 4.2 3.8 64.3 73.1 28.3 
L 0.099 0.125 0.148 3.0 3.9 3.3 49.8 34.3 23.2 
M 0.1001 0.13 0.152 2.9 2.9 3.5 56.3 66.3 23.1 
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5.1.1 Yield strength and its relationship with microstructural features 
5.1.1.1 Yield Strength vs Interlamellar Spacing 
Tensile tests were conducted from several of the commercial steels used in this thesis. The yield 
strength values and the interlamellar spacing from several steels were related. See Figure 5.4. It 
was found that the smaller the distance between carbides plates the higher the yield strength of 
the steel. Similar results were observed by Embury and Fisher [88] in hyper-eutectoid steels. The 
yield strength of the commercial steels was found to vary as the inverse square root of the 
carbide plate distance, (λ). Figure 5.4 shows the variation of yield strength with inverse square 
root of interlamellar spacing of some commercial steels.  
 
 
 
 
 
 
Figure 5.4 Yield strength variations with respect to interlamellar spacing from different 
commercial steels 
The straight line in Figure 5.4 indicates the trend line of the yield strength, which seems 
to follow the behavior described by the Hall Petch equation (2.5). The Hall Petch equation 
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asserts a straight line relationship between the yield strength and the inverse square root of the 
interlamellar spacing. As expected, the yield strength increased as the interlamellar spacing 
decreased. 
5.1.1.2 Yield Strength vs Pearlite Colony and Prior Austenite Grain Size 
Hysak and Bernstein, working with steels containing 0.81%C [81], found that not only the 
interlamellar spacing has an important role in yield strength, but also the pearlite colony size and 
the prior austenite grain size. This observation is not surprising since it is well known that 
pearlite nodules usually nucleate on austenite grain boundaries and grow at a roughly constant 
radial velocity into the surrounding austenite grains. From Table 5.1 is clear that the pearlite 
colony size is slightly smaller at the head of the rail samples than at the web or base of the rail.  
The results illustrated in Table 5.1 were used to calculate the contributions of the pearlite 
colony size according to the equation by Taleff et al., [79]: 
𝜎𝑦 = (𝜎𝑜)𝑠𝑠 +  145(𝑃)−12 +  460 (λ)−12   (5.1) 
 
 In this case, it was considered that the contribution to the strength due to the 
interlamellar spacing was constant and only the contribution to the strength due to the pearlite 
colony size was taken into account. These results are plotted in Figure 5.5. The results in this 
figure clearly show that by decreasing the pearlite colony size the yield strength can be 
increased. This behavior indicates the importance of the prior austenite grain size prior to its 
decomposition. Pearlite colony size is only dependent on the prior austenite grain size while λ is 
dependent on the cooling sate and transformation temperature. 
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Figure 5.5 Pearlite colony size vs yield strength calculated from equation 5.1 
 
 From the results shown in Table 5.1 and the yield strength measured in the 
commercial steels, Figure 5.6 was plotted. The results did not show any significant increase on 
the strength with finer austenite grain size. However, this behavior can be attributed to the very 
small variation in austenite grain size exhibited by the steels investigated in this microstructural 
assessment. 
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Figure 5.6 Relationship between the prior austenite grain size and the yield strength of 
commercial steels 
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 The results from Figure 5.6 also seem to support the view that the majority of the 
current steels used in the fabrication of rails exhibit very similar microstructural conditions of 
austenite prior to transformation. The implication of these suggests that most of the commercial 
rail steels observed in this study appear to be processed in a very similar fashion.  
5.1.2 Non-Metallic Inclusions 
Analysis of the non-metallic inclusions was performed on all 13 commercial steels. Optical 
(OM) and scanning electron (SEM) microscopy were used for this analysis. The presence of non-
metallic inclusions, primarily oxides and sulfides, has been linked to lowering the fatigue life or 
initiating rolling contact fatigue, (RCF), particularly in older and lower strength rail steels. 
Modern higher strength rail steels have a tighter control of this type, volume fraction and shape 
of non-metallic inclusions. The higher cleanliness exhibited by these steels have increased the 
fatigue resistance of rail steels. Steif and Iyenger [89] also studied the effect of inclusion 
distribution on the initiation of defects and concluded that by reducing the clustering of non-
metallic inclusions results in lower tendencies to nucleation and propagation of transverse 
defects, in rail steels under service conditions which often occurs near inclusions. Figure 5.7 
shows OM and SEM micrographs of non-metallic inclusions present in commercial steels. The 
quantitative assessment of the non-metallic inclusions observed and measured in the steels 
investigated is presented in Table 5.2. In addition, this table shows the proeutectoid cementite 
measured for each commercial steel.  
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a) 
 
 
 
 
Figure 5.7 Optical micrographs of non-metallic inclusions of commercial steels a) Steel F, c) Steel 
E, and e) Steel A, SEM micrograph from the same area b) Steel F) , d)Steel E and e)Steel A 
 
b) 
c) d) 
e) f) 
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Table 5.2 Summary of the values of volume fraction of non-metallic inclusions and the measured 
proeutectoid cementite in commercial steels 
ID MnS Al2O3 SiC TiN, VN CaCO3, 
MgCO3 
Mesured 
Proeutectoid 
cementite Vf 
A 0.005272 0.000803 0.000021 - - 1.02 
B 0.000928 0.00058 - - - 1.98 
C 0.00304 0.00206 0.000019 0.000071 - 1.26 
D 0.01655 0.00187 0.00001 0.00028 - 2.98 
E 0.00112 0.000174 0.000017 - - 3.05 
F 0.000861 0.000448 - - 0.000098 1.11 
G 0.00088 0.000274 0.00001 0.000015 - 2.65 
H 0.00091 0.000178 - 0.000013 - 0.99 
I 0.00087 0.000273 0.000033 0.000026 - 1.25 
J 0.00022 0.00068 - - - 2.25 
K 0.0131 0.003018 0.000011 0.00013 - 1.99 
L 0.00109 0.000194 - 0.000029 0.000032 3.53 
M 0.00097 0.00017 0.000024 -  2.71 
 
5.1.3 Proeutectoid Cementite  
The presence of the proeutectoid cementite phase was observed in several of the commercial 
steels. The presence of this phase was detected along the prior austenite grain boundaries, as is 
shown in Figure 5.8. The proeutectoid phase is the cementite which forms directly from the high 
temperature austenite phase below the eutectoid temperature in a metastable fashion. From the 
point of view of technology, the presence of this phase is undesirable due to its brittle nature, 
particularly if it forms continuously along the austenite grain boundaries. It has been found as a 
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source of embrittlement [15]. The volume fraction of the proeutectoid cementite of commercial 
steels was measured by metallographic techniques. The results of this evaluation are shown in 
Table 5.2. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8 Scanning electron micrographs of some commercial steels. Arrows show the presence 
of the proeutectoid phase a) Steel D and b) Steel M 
 
 
a) 
b) 
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5.2 THERMOMECHANICAL EXPERIMENTS 
The understanding of the microstructural state of the austenite prior to any hot deformation 
studies is of primary importance. The state of the austenite prior to transformation plays both a 
very important role on the morphology of the pearlite and the formation of proeutectoid 
cementite by controlling the transformation temperatures. Therefore, a series of austenite 
coarsening studies were performed. Samples from each laboratory heat, previously encapsulated 
in quartz tubes, were heated at different temperatures from 950 to 1250C in a box furnace. In 
accordance with the results, different temperatures were selected to develop similar austenite 
grain size. Table 5.3 shows the conditions used in this heat treatment.  
Table 5.3 Prior austenite grain size and reheating temperatures used in each steel 
 T reheat [C] Austenite grain size [µm] 
Rsteel1 1160 208 ± 11 
Rsteel2  1200 211 ± 13 
Rsteel3 1210 215 ± 9 
 
The reheating temperature to achieve very similar austenite grain size prior to any 
subsequent deformation was different for the steels and is strongly related to their chemical 
composition. This temperature was used to reheat the compression samples from the 
experimental steels prior to any subsequent deformation. 
 
 The general thermomechanical procedure, illustrated in Figure 4.1, indicates the 
following: a) reheating of the compression sample to a prescribed temperature and held for 2 
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min, b) lower temperature to the first deformation temperature followed by one single hit at the 
strain rate of 20 sec-1, c) the second deformation was performed below the recrystallization 
temperature of austenite using the previous strain rate, d) after the second deformation, one 
sample of each steel was quenched in ice water to verify the austenite grain size. Prior to 
transformation, other samples were cooled at 5C/s at different transformation temperatures and 
held for different times until the full transformation of the required final microstructure was 
obtained. The transformation temperatures were different and depended on the state of the 
austenite prior to transformation and the overall chemical composition of the steel. The 
transformation start temperatures used in this investigation were determined theoretically for a 
given steel composition and austenite grain size prior to transformation using a computational 
thermodynamic, JMatPro 4.0, program. 
5.2.1 Rsteel1 
For Rsteel1, the reheating temperature was 1160C for two minutes. The first deformation was 
50% (engineering strain) at 1100C, and the second deformation was, again, 50% (engineering 
strain) at 850C. After the second deformation, the sample was cooled at 5C/s to room 
temperature. Even though the sample had the required hardness value (we established a threshold 
hardness value of 38HRC, which, in experience, would assure the appropriate mechanical 
properties), the microstructure generated after this experiment was not pearlite.  
 With the idea to generate the full pearlite microstructure, and using the same values of 
deformation, two samples after the second deformation were continuously cooled at 0.1C/s and 1 
C/s. The sample continuously cooled at 0.1C/s was fully transformed to pearlite; however, the 
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interlamellar spacing of this sample was too large (250µm). Therefore, the hardness was below 
the required threshold hardness value. On the other hand, the sample cooled at 1C/s was not fully 
transformed to pearlite but the hardness was above the threshold value.  
 A different approach was tried; isothermal transformation at a prescribed temperature. 
Samples were deformed at the same temperatures and the same amounts of deformation, cooled 
at 5C/s up to 550C and held for different times. The hold times were 20 and 100 minutes. 
However, the microstructure developed was not fully pearlitic. The hardness values from each 
sample were above the threshold value. Based on the TTT diagram calculated from the JMatPro 
4.0 program (see Figure 5.9), a different holding temperature, 600C was chosen. Two samples 
were held at this temperature for 10 and 20 minutes. Both samples were fully transformed to 
pearlite; however, only the sample held for 20 min had a hardness value above the required 
threshold. Figure 5.10 illustrates the hardness and the microstructure of the thermomechanical 
treatments performed.  
 
Figure 5.9 TTT diagram calculated by the JMatPro 4.0 program from the chemical composition 
on the Rsteel 1 
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Table 5.4 Thermomechanical processing details, hardness and microstructures generated 
TMP 
Continuously 
Cooling [C/s] 
Isothermal 
Path [C] 
Type of 
Microstructure 
Hardness 
[HRC] 
1 Quenched Quenched Martensitic 53.3 ± 1.3 
2 5 - Not fully pearlitic 52 ± 2.2 
3 - 550/ 20min Not fully pearlitic 54 ± 1.7 
4 - 550/ 100min Not fully pearlitic 53 ± 2.5 
5 0.01 - Fully pearlitic 17.6 ± 0.8 
6 1 - Not fully pearlitic 40.2 ± 0.9 
7 - 600/10min Fully pearlitic 32.6 ± 1.3 
8 - 600/20min Fully pearlitic  39.6 ± 2.1 
 
 
 
 
 
 
 
 
Figure 5.10 Results of hardness and microstructure of rail steel 1 
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 Examples of the microstructure developed during themomechanical processing 
experiments are shown in Appendix A. Figure 5.11 shows the final microstructure obtained with 
the thermomechanical processing experiment number 8. 
 
 
 
 
 
 
 
 
Figure 5.11 Scanning electron micrograph of Rsteel1 developed throughout the 
thermomechanical experiment number 8. Fully pearlitic microstructure is shown 
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5.2.2 Rsteel2 
The reheating temperature for Rsteel2 was 1200C for 2 min. The amount of deformation in the 
first compression process was 50% at 1100C; then, the sample was cooled to 880C. The second 
deformation was also 50%. As in other steels, one sample was quenched right after the second 
deformation, in order to evaluate the austenite grain size. Another sample deformed under the 
same conditions was continuously cooled at a rate of 5C/s up to room temperature. The hardness 
obtained from this TMP was 52.3 HRC, this is about 14HRC above the hardness threshold; 
however, the microstructure developed was not fully pearlitic. Examples of all microstructures 
are shown in Appendix A.  
 As in Rsteel1, the temperature chosen for the isothermal paths were based on the TTT 
diagram calculated with the JMatPro 4.0 program. Figure 5.12 shows this TTT diagram. 
 
Figure 5.12 TTT diagram calculated on JMatPro program from Rsteel2 chemical composition 
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 In order to satisfy the requirements of hardness and microstructure, isothermal paths 
were also tried. After the second deformation, the sample was cooled at 5C/s to 550C and held 
for two different times, 20 and 100 minutes. These samples developed fully pearlitic 
microstructure. The hardness of the sample held for 20minutes was 43.3HRC and the hardness 
for the sample held 100 minutes was 39.33HRC. Then the hardness of both isothermal paths was 
above the hardness threshold. Even though these samples met the hardness and microstructural 
requirements, we investigated different isothermal temperatures.  
 
 One sample was deformed under the same conditions as those of the previous samples, 
but right after the second deformation, it was cooled at 10C/s to 500C and held for 20min. The 
microstructure developed was not completely pearlitic. However, the hardness obtained was 
above the threshold, 46.2HRC. A different approach was tried; increasing the amount of the 
second deformation from 50% to 70%. After the second deformation (at 880C), the sample was 
cooled to 500C at 10C/s and held for 20min. Nevertheless, the microstructure developed was not 
fully pearlitic. Table 5.5 summarizes the TMP conditions, microstructure and hardness 
developed in these experiments. Figure 5.13 also shows, graphically, the resulting hardness and 
microstructure of the thermomechanical treatment performed on Rsteel2.  
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Table 5.5 Thermomechanical processing details, hardness and microstructure generated 
TMP 
Second 
Deformation [%] 
Continuously 
Cooling [C/s] 
Isothermal 
Path [C] 
Type of 
Microstructure 
Hardness 
[HRC] 
1 50 Quenched Quenched Martensitic 63 ±0.5 
2 50 5 - Not fully pearlitic 52.3 ± 1.4 
3 50 - 550 / 20min Fully pearlitic 43.3 ±0.8 
4 50 - 550 / 100min Fully pearlitic 39.3 ± 0.6 
5 70 10 to 500C 500 / 20min Not fully pearlitic 46.2 ± 1.3 
6 70 5 to 500C 500 / 20min Not fully pearlitic 37.6 ± 1.6 
 
 
 
 
 
 
 
 
 
 
 Examples of the microstructure of the samples that met, successfully, the requirements 
of the hardness and microstructure, are shown in Figure 5.14. Even though they are fully pearlitic 
microstructures, the type of pearlite is known as divorce pearlite. 
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Figure 5.13 Results of hardness and microstructure of Rsteel2 
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Figure 5.14 Scanning electron micrograph of Rsteel2 developed throughout the 
thermomechanical experiment number 3 
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5.2.3 Rsteel3 
The Rsteel3, the one which has the higher carbon content, was primarily reheated at 1200 C and 
held for 2min. The sample was cooled to 1150C at which the first deformation, 50%, was 
performed. Secondly, the sample was cooled from 1150 to 850C at a rate of 5C/s and the second 
deformation of 50% (engineering strain), was performed. Once the second deformation was 
completed, the sample was continuously cooled at a cooling rate of 5C/s until room temperature. 
This sample did not develop a fully pearlitic microstructure, however, the hardness reached by 
the sample was above the threshold. Another sample deformed under the same conditions was 
continuously cooled at 0.01C/s, developing a fully pearlitic microstructure with a coarse 
interlamellar spacing. This coarse interlamellar spacing yielded a lower hardness value than the 
threshold (38HRC). As in the case of Rsteel1 and Rsteel2, an isothermal approach was also 
attempted.  
 
Figure 5.15 TTT diagram calculated by the JMatPro program from the chemical composition of 
the Rsteel3 
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 Based on the chemical composition, and using the JMatPro 4.0 program, the TTT 
diagram was calculated in order to have an indication of what would be the isothermal path 
temperatures. Figure 5.15 shows the TTT diagram calculated with the JMatPro program. Another 
sample was deformed under the same conditions as those of the previous samples (50% at 1200C 
and 50% at 850). After that, the sample was cooled at a rate of 5C/s to 550C and held for 20 and 
100minutes. Each sample was cut in the middle and mounted facing the transverse section. Both 
samples developed a fully pearlitic microstructure.  The hardness reached by the sample held for 
20min was 37.9 HRC and the hardness of the sample held for 100min was 36.1HRC. Scanning 
electron micrographs of all the microstructures are shown in Appendix A. 
 Regarding the hardness results, another isothermal temperature was selected. The sample 
was annealed at 1200C for 2min and then it was deformed 50% at 1150 C. A second deformation 
of 50% was performed at 850 and cooled at a rate of 10C/s to 500C. Then the sample was held 
for 40 min, and then cooled in air to room temperature. The hardness of this sample was 33.6 
HRC, and the microstructure developed was not fully pearlitic (see Appendix A). Another 
sample was tested with the same isothermal path but with different deformation conditions. The 
new sample was deformed initially 50% at 1150C and cooled to 850C and deformed 70% 
(engineering strain). After the second deformation, the sample was cooled at a rate of 5C/s to 
500C and held for 40minutes. Unfortunately, the microstructure developed was not fully pearlitic 
and the hardness did not reach the threshold value.  
 
 The fact that the microstructure developed during the 500C isothermal path was not fully 
pearlitic gave us the idea to increase the isothermal temperature path. Therefore, another sample 
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was tested. The sample was reheated at 1200C for 2 min, then deformed 50% at 1150C, cooled 
to 850C and deformed 70%. After that, the sample was cooled at 5C/s to 600C and held for 
15minutes. The microstructure generated was fully pearlitic; however, the hardness was only 
28HRC.  
 One more attempt was performed. In this case, with an isothermal temperature of 550C. 
The sample was deformed 50% at 1150 C and 70% at 850C; cooled at 10C/s to 550C and held 
for 20minutes. After that, the sample was cooled in air to room temperature. Finally, the 
microstructure was fully pearlitic and the hardness was 39.5HRC, reaching the threshold value. 
Table 5.6 summarizes the thermomechanical processing details and the hardness obtained for 
each sample. Figure 5.16 shows the hardness and the microstructure developed in each TMP 
experiment. 
Table 5.6 Thermomechanical processing details, hardness and microstructure generated for 
Rsteel3 
TMP 
Second 
Deformation [%] 
Continuously 
Cooling [C/s] 
Isothermal 
Path [C] 
Type of 
Microstructure 
Hardness 
[HRC] 
1 50 Quenched Quenched Martensitic 52.6 ± 0.6  
2 50 5 - Not fully pearlitic 52 ± 2.1 
3 50 5 to 550C 550 / 20min Fully pearlitic 37.8 ± 0.9 
4 50 5 to 550C 550 / 100min Fully pearlitic 36.3 ± 0.6 
5 50 0.01 - Fully pearlitic 16.3 ± 0.8 
6 50 10 to 500C 500 / 40min Not fully pearlitic 33.6 ± 1.7 
7 70 5 to 500C 500 / 40min Not fully pearlitic 33.1 ± 1.8 
8 70 5 to 600C 600 / 15min Fully pearlitic  28.6 ± 1.1 
9 70 10 to 550 C 550 / 20min Fully pearlitic 39.3± 1.0 
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Figure 5.16 Results of hardness and microstructure of Rsteel3 
 
Examples of the SEM micrographs from the sample obtained in experiment 9 are shown 
in Figure 5.17. 
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Figure 5.17 Scanning electron micrograph of Rsteel3 developed throughout the 
thermomechanical experiment number 9 
 
 Each sample from the thermomechanical experiments was observed in the SEM. The 
SEM examination revealed the differences in terms of the distances between cementite lamellas. 
Several micrographs were evaluated from each sample in order to obtain the most reliable value 
of interlamellar spacing. The smaller value of interlamellar spacing is associated with the higher 
hardness value of each steel. It is clear a relationship exists between the interlamellar spacing and 
hardness in these eutectoid steels, as shown by Clayton and Danks [83]. Figure 5.18 shows the 
hardness and interlamellar spacing of samples from each experiment that generated a fully 
pearlitic microstructure. Another way to show the dependence of hardness with interlamellar 
spacing is shown in Figure 5.19. The hardness decreases as the interlamellar spacing increases. 
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Figure 5.18 Hardness and interlamellar spacing values of thermomechanical experiments 
 
 
 
 
 
 
 
Figure 5.19 Hardness dependence on interlamellar spacing 
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5.3 MECHANICAL PROPERTIES 
To obtain the criteria of rail steels in terms of hardness and microstructure a minimum 38 HRC 
and fully pearlitic was used to adjust the TMP experimental parameters. It provided the 
guidelines to design the best thermomechanical conditions for rolling the steels. The laboratory 
rolling was carried out at the US Steel facilities. The rolling procedure was adjusted to the rolling 
capabilities of the lab. The rolled plates produced from this procedure were microstructurally and 
mechanically tested.  
5.3.1 Hardness Testing 
Samples from the plates rolled at US Steel facilities were sectioned and the hardness was 
measured and the interlamellar spacing was assessed. The hardness values obtained on these 
samples are shown in Table 5.7. They are compared with the hardness values from commercial 
steels in Figure 5.20. It is clear that the three steels produced under laboratory conditions have 
the hardness values above the limiting criteria of 38HRC. The Rsteel2 registered the highest 
hardness value and the smallest interlamellar spacing of the three steels, as predicted by Clayton 
and Danks [83]. Even though Rsteel1 and Rsteel2 have similar interlamellar spacing, the 
hardness of Rsteel1 is slightly higher than that of the hardness of Rsteels2. In Figure 5.20 it is 
evident that the hardness values of the steels developed are higher than those of commercial 
steels. 
 
 
12 
 
Table 5.7 Hardness values and interlamellar spacing of the developed steels 
 Rsteel1 Rsteel2 Rsteel3 
Hardness [HRC] 40.4 43.1 38.3 
Interlamellar 
spacing [µm] 
0.095 0.084 0.096 
 
 
 
 
 
 
 
 
 
 
 Following the classic view of wear behavior, in which the hardness plays the most 
important role of the wear resistance [83, 84], the wear resistance of the steels developed in this 
research would be expected to be higher than that in the commercial steels.  
Figure 5.20 Relationship of hardness and interlamellar spacing of developed steels  
and commercial steels 
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5.3.2 Tensile Testing 
Table 5.7 shows the mechanical properties such as the yield strength, the ultimate yield strength 
and the total elongation. The stress vs strain plot of the three steels is shown in Figure 5.21. It is 
evident from Table 5.8 that the Rsteel2 has the highest value of yield and tensile strength (1095.6 
and 1459.6 MPa), though the Rsteel3 has the largest elongation value (20.4%) which would 
imply a larger toughness value. The yield strength is the most important value for structural 
design because it determines, practically, the stress at which the materials begins to deform 
plastically. Figure 5.22 shows that difference between the yield strength of the commercial steels 
and the yield strength of the steels developed in this research. This figure makes clear that the 
steels developed in this research have better resistance to deformation. The differences between 
yield strength and tensile strength in the three steels are very similar. Even though the chemical 
compositions are somewhat different, the materials should have similar strain hardening 
exponents. Another important value that the tensile test provides is the strain that these materials 
are able to reach. Meanwhile, although the commercial materials have an average strain below 
10%, the developed materials in this research are above that strain value. Figure 5.23 shows a 
comparison of strain of commercial steels and the strain of developed steels. This characteristic 
of the developed steels is very important, a common view in any steel, is that the higher the 
carbon content the higher the yield strength but the lower is the elongation that it can withstand. 
However, in the developed steels, thanks, to a combination of other alloying elements and the 
thermomechanical path followed, the elongation exceeded the valued observed in typical 
commercial rail steels with lower yield strength.  
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Table 5.8 Tensile test values of rail steels developed by this research 
 Yield Strength 
[MPa] 
Tensile Strength 
[MPa] 
Difference              
[TS-YS] 
Strain            
[%] 
Rsteel1 930.1 1298.9 368.8 20.4 
Rsteel2 1095.6 1459.6 364.0 13 
Rsteel3 847.4 1254.8 407.4 14.2 
 
 
 
 
 
 
 
 
Figure 5.21 Stress vs Strain curves of the developed steels (Rsteel1, Rsteel2 and Rsteel3) 
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Figure 5.22 Comparison of yield strength between developed steels vs yield strength of some 
commercial steels 
 
Figure 5.23 Comparison of elongation between developed steels vs elongation of commercial 
steels 
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5.3.3 Fracture Toughness 
An additional criterion was established with the mechanical properties evaluated previously. The 
two steels developed with the higher yield strength were selected for fracture toughness 
evaluation. The fracture toughness (KQ and/or K1C) of Rsteel1 and Rsteel2 was assessed. The 
results from this evaluation are in Table 5.9. The fracture toughness of a material is its resistance 
to crack propagation or it is also known as the ability of the material to absorbed energy through 
plastic deformation. This test assess the ability of a material containing a crack to resist fracture; 
which is one of the most important properties of any material for virtually almost all design 
applications. Fracture toughness is a quantitative way for a material to express resistance to 
brittle fracture when a crack is present. If a material has high fracture toughness it will probably 
undergo ductile fracture. It is clear that the steel with larger deformation values also has the 
higher fracture toughness value, as mentioned previously in Section 5.3.2. 
 
Table 5.9 KQ / K1C test results 
 Notch location CTOD at Fmax 
[mm] 
KQ                              
[MPa - m½] 
Test temp [C] 
Rsteel 2 X-Y 0.005 47.48 23 
Rsteel 3 X-Y 0.027  67.97  23 
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5.4 WEAR TESTING 
As it was mentioned in Chapter 4, the wear test was carried out on the disk machine. The 
numbers of cycles performed on each sample were 50, 100, 1000, 5000, and 10000. The most 
common way to report the wear behavior is the weight loss versus the number of cycles 
performed on the disks. The disks were weighed right before and immediately after the test. 
However, no weight loss was registered in any of the wear tests performed. This initial 
observation is important because it means that the disk did not have weight loss even after 10000 
cycles. The material in the disk was not removed during the test; it was displaced to the edges of 
the formed groove. The depth and the width of the channel formed were measured in four 
equidistant points along the perimeter described by the groove (see Figure 5.24). 
 A special high resolution digital microscope (Keyence) was used to measure these 
features. Table 5.10 shows the values of the average of the four points where depth and width 
measured in each steel. 
 
 
 
 
 
Figure 5.24 Schematic representations of the locations where the groove height and depth were 
measured 
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Table 5.10 Average of the depth and width values of wear test of each steel 
Cycles Rsteel1 Rsteel2 Rsteel3 
 Depth [µm] Width [µm] Depth [µm] Width [µm] Depth [µm] Width [µm] 
50 0 255.8 0 260.67 0 280.5 
100 0 298.9 0 290.1 0 329.1 
1000 153.2 641.2 136.93 568.1 118.2 637.5 
5000 162.8 794.1 134.1 822.6 150.63 702 
10000 169.3 833.2 138.2 845.5 158.3 803.4 
 
 The high resolution digital microscope takes a series of pictures focusing from the bottom 
of the groove up to the top of the original height, reconstructing a three dimensional image. In 
addition to this image, the microscope is equipped with special software that provides the depth 
profile of the groove generated. In each steel a series of micrographs were taken on each of the 
four locations previously described. From the depth and width profile generated with the series 
of micrographs, the wear behavior was quantified. Micrographs from the surface of the disk used 
before the wear testing and its three dimensional reconstruction are shown in Figure 5.25.  
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Figure 5.25 a) Micrographs of the surface of the wear test disk before performing the test. b) 
Three dimensional representation of the surface of the wear test disk before performing the test 
 Micrographs of the groove generated after 10000 cycles in the steels developed in this 
research are shown in Figure 5.26, 5.27 and 5.28. More micrographs from other different 
locations are shown in Appendix B. 
 
Figure 5.26 a) Micrograph from the top of the disk, showing a groove generated during wear 
testing after 10000 cycles in Rsteel1, b) Three dimensional representation of the groove 
generated 
 
 
a) b) 
a) 
b) 
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Figure 5.27 a) Micrograph from the top of the disk, showing a groove generated during wear 
testing after 10000 cycles in Rsteel2, b) Three dimensional representation of the groove 
generated 
 
Figure 5.28 a) Micrograph from the top of the disk, showing a groove generated during wear 
testing after 10000 cycles in Rsteel3, b) Three dimensional representation of the groove 
generated 
 
 
a) b) 
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 It is important to emphasize that none of the three steels developed in this research had a 
loss of weight even after 10,000 cycles. Even though the material was not removed from the 
disk, most of the material was relocated at each side of the groove. The height profile in all steels 
showed this behavior. Figure 5.29 shows, schematically, this behavior.  
 
Figure 5.29 Schematic representation of the material relocation process during wear testing 
 
 Another interesting behavior found in the developed steels is that the depth of the groove 
generated during wear testing had a depth rate of growth during the first cycles of the test. 
However, this growth rate, after a certain number of cycles, seemed to decrease dramatically 
until it eventually stops growing. Figure 5.30 a) and b) show the relationship between the depth 
of the groove generated and the number of cycles. This behavior seems to be different when 
instead of the depth or only width and the number of cycles it is analyzed the area generated by 
the groove and its relationship with the number of cycles. Figure 5.31 shows how the area 
generated by the groove increase with the time, it increases with a slightly different slope after 
1000 cycles. 
 
Original location material 
Relocated material 
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Figure 5.30 a) Depth of generated groove with respect to the number of cycles of the developed 
steels b) Depth of generated groove with respect to the log number of cycles of the developed 
steels 
 
 
a) 
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Figure 5.31 Wear measurements in terms of area displaced of the developed steels 
5.5 ISOTHERMAL TRANSFORMATION STUDIES 
In order to verify the differences between the isothermal behavior of the steels developed in this 
research and the commercial steels, two steels were selected for isothermal studies. The Rsteel2 
and commercial steel identified as D were chosen. As described in Chapter 4.8, several heat 
treatments were performed for each one of these two studies. Figure 5.32 shows the S-shaped” or 
sigmoidal curves of austenite transformation to pearlite of commercial steel D. At any given 
temperature, the transformation occurred at different times. Initially, the transformation rate is 
slow associated with an incubation period. This means the time required for a stable nucleus 
occurs. As expected, the rate of transformation increases with the time. Latterly, the rate of 
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transformation slows when the microstructure gradually approaches a complete transformation. 
The shorter time at which the first nucleus occurs was at the isothermal temperature of 610C; 
 
Figure 5.32 Fraction of pearlite transformed as a function of time for different temperatures of 
commercial steel D 
the longest time at which the first nuclei appeared was at 700C. The fully pearlitic transformation 
occurred at a similar time for most of the isothermal temperatures, except for the isothermal 
temperature of 640C, when complete transformation took the longest time.  
 Figure 5.33 shows the fraction of austenite transformed to pearlite of Rsteel2. A similar 
behavior with commercial steels occurred in steel Rsteel2. However, it is clear that the 
incubation time of commercial steel D is shorter than the one in Rsteel2. Apparently, the first 
stages of transformation in Rsteel2 were slightly slower than in commercial steel D. In the 
Rsteel2 the shorter time at which the first nuclei appeared was at the isothermals 550 and 610C.  
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Figure 5.33 Fraction of pearlite transformed as a function of time for different temperatures of 
Rsteel2 
 
 The 700C isothermal treatment promotes the slower incubation process, however, a quick 
transformation occurred after a critical period of time (120s). The full pearlite transformation 
took place at similar times in most of all the isothermal treatments. The isothermal treatment at 
550 C promotes the shorter time for complete transformation. 
The time periods necessary for the beginning and completion of the full pearlite 
transformation at any given temperature are related to the initial and the end of the 
transformation curves in isothermal transformation diagrams, TTT. Figure 5.34 shows the 
temperature transformation time diagram (TTT) of commercial steel D formulated based on the 
isothermal transformation curves. This TTT diagram shows the starting transformation of 
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pearlite and the starting transformation of proeutectoidphase (cementite) as well as the finishing 
pearlite transformation only.  
 
Figure 5.34 Temperature transformation time diagram (TTT) of commercial steel D 
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Figure 5.35 TTT diagram of commercial steel D and the micrographs at different times and temperatures 
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 Figure 5.35 shows the TTT diagram of commercial steel D built based on the isothermal 
transformation curves as well as the micrographs used to measure the volume fraction of pearlite 
transformed. The right upper micrograph shows, in great detail, the first formation of 
proeutectoid cementite along the prior austenite grain boundaries and the initial nucleus 
development of pearlite. Subsequently with longer times, the microstructure evolves to larger 
pearlite volume fractions and most of the austenite grain boundaries are covered by the 
proeutectoid cementite. At lowers isothermal temperatures, i.e. 500C, the precipitation of 
proeutectoid cementite is evident in the shorter time even before the formation of the first nuclei 
of pearlite.  
 Figure 5.36 shows the TTT diagram of developed steel Rsteel2; the lines of the initial 
pearlite formation and the complete transformation are shown. The diagram does not shows any 
proeutectoid cementite formation at any time or temperature. The shorter time at which the 
austenite start transforming to pearlite is 10s, however, due to the small amount (~1%) of pearlite 
observed, and the sensitivity of the technique used to follow the transformation, the 
transformation observed at 550 and 610C in 10s were negligible. Therefore, the time at which 
the first nucleus of pearlite was observed was at 120s. This represents a slower initial 
transformation rate than in commercial steel D. However, the complete pearlitic transformation 
in Rsteel2 took place at similar times as in commercial steel D. 
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Figure 5.36 Temperature transformation time diagram (TTT) of developed steel Rsteel2 
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Figure 5.37 TTT diagram of Rsteel2 and the micrographs at different times and temperatures 
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 Figure 5.37 shows the TTT diagram and some of the micrographs. The micrographs show 
the transformation evolution from the initial stages up to the complete transformation for 
different temperatures. Again, one important observation on the micrographs is that no 
proeutectoid cementite was observed, the prior austenite grain boundaries were not decorated by 
cementite. Figure 5.38 shows the example of a prior austenite grain boundary in a full 
transformed pearlite sample without the presence of proeutectoid cementite. 
 
 
 
 
 
Figure 5.38 Prior austenite grain boundary of Rsteel 2 without proeutectoid cementite 
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 DISCUSSION 6.0 
6.1 MICROSTRUCTURAL ASSESSMENT  
The different processing stages can have a strong dependance on the microstructure 
development, which has a direct relationship to the final mechanical properties. Two types of 
phases/microsconstituents were identified on the microstructural assessment; the main phase (in 
eutectoid and hyper-eutectoid steels) is pearlite (P) and proeutectoid cementite (PC). It is then 
essential to understand the effect of these phases on different properties of these steels. Figure 
6.1 shows the examples of pearlitic microstructure and proeutectoid cementite.  
 
 
 
 
 
Figure 6.1 Typical appearance of the pearlite (P) and proeutectoid cementite (PC) 
 Apparently, there are three main microstructural features that control the deformation 
and fracture process in eutectoid and hyper-eutectoid steels; these three features are interlamellar 
spacing, pearlite colony size and prior austenite grain size. As shown previously by different 
authors [14, 76-77, 90-95], the yield strength is known to increase as the pearlite interlamellar 
  
P 
P 
PC PC 
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spacing decreases; more specifically, the yield strength is directly proportional to the reciprocal 
root of the interlamellar spacing, as shown in Figure 6.2, even though there is not a significant 
variation in interlamellar spacing between the commercial steels, as shown in Figure 6.3 . 
 
Figure 6.2 Relationship between 0.2% offset yield strength and interlamellar spacing of pearlite 
in eutectoid carbon steels 
 
Figure 6.3 Interlamellar spacing of different commercial steels 
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The pearlite interlamellar spacing has a strong influence on the isothermal transformation 
temperature or, more specifically, with the ∆T; the larger is the ∆T, the smaller is the 
interlamellar spacing [96]. However, some authors like Gladman [59] and Bernstein [81], have 
seen some variation (base on statistical analysis) of interlamellar spacing with respect to 
austenite grain size. Interlamellar spacing increases as austenite grain size decreases.  
 From equation 5.1 we can see that pearlite colony size has only a slight effect on yield 
strength. The inverse square root of a larger number (compared with the interlamellar spacing at 
least twenty times larger) would not be a large influence on the final yield strength. The small 
influence of pearlite colony size on the strength has been reported by different authors [81,76 and 
96]. 
 The third microstructural characteristic that was evaluated on the microstructural 
assessment is prior austenite grain size. In low carbon steels, this microstructural feature affects 
the hardenability and toughness. Because the transformation to ferrite is nucleated at grain 
boundaries, therefore the greater the amount of grain boundaries, the greater will be the density 
of nucleation sites and the lower the hardenability. The importance of the austenite grain size on 
toughness in low carbon steels and in alloy steels is also well knows. The austenite grain 
refinement is an approach to achieve high toughness at high strength. In high eutectoid and 
hyper-eutectoid steels, research has indicated that impact toughness (as measured by Charpy 
impact testing), increases with decreasing prior austenite grain size for equivalent interlamellar 
spacing [73, 97]. Tensile ductility of these materials also increases with decreasing prior 
austenite grain size [98]. In the microstructural assessment, it was found that the prior austenite 
grain size has a minimum effect on the yield strength (see Figure 5.6). This is in agreement with 
the results of Bernstein [73] and Taleff [96].  
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 Another microstructural feature to which little attention has been paid is the 
cleanliness of the steels. It refers to its relative freedom from non-metallic inclusions. Manganese 
sulfides and aluminum oxides were the main non-metallic inclusions observed in the commercial 
steels. However, relatively small amounts of SiC , TiN, VN, CaCO3 and MgCO3 were also 
observed. It has been stated that the general ductility decreases exponentially as the volume 
fraction of non-metallic inclusions increase. The detrimental effect on ductility is larger when the 
inclusions (MnS) are elongated during the hot rolling process [99]. This behavior is very 
common in sulfides. During deformation, voids are nucleated around sulfides as well as other 
types of inclusions, which grow and link up to give rise to the subsequent fracture. Other types of 
inclusions like oxides and even carbides can crack and, thus, give rise to void nucleation. 
Globular inclusions have low concentration factors in the transverse direction, which produces a 
lower void growth than do planar inclusions. Figure 6.4 shows how the total ductility is affected 
by the volume of sulfides. 
 
 
 
 
 
 
Figure 6.4 Effect of sulfide volume fraction on longitudinal and transverse total ductility at 
fracture 
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The presence of the proeutectiod phase in the commercial steels was observed and 
quantitatively assessed. Table 5.2 shows the results of this assessment. The proeutectoid 
cementite was found decorating the prior austenite grain boundaries. Even though the presence 
of proeutectoid phase has been observed previously in rail steels, it hasn’t been considered as a 
main factor that deteriorates the performance of this structural component. G. Krauss [15] has 
identified the proeutectoid cementite as a main source of grain boundary embrittlement. 
However, others properties can be affected by the presence of proeutectoid cementite, for 
example the drawability and toughness. The larger the volume fraction of proeutectoid cementite 
the lower the toughness in terms of impact transition temperature [68]. 
 
 Rail components suffer from different types of damage; rolling contact fatigue (RCF) 
and wear are some of the most important. RCF is a family of damage phenomena that appear on 
and in rails due to overstressing of the rail material. This damage may appear first on the surface 
(e.g. head checks, shelling, squats) or the subsurface (deep seated shell). In either case, these 
phenomena are the result of repeated overstressing of the surface or subsurface material by the 
hundreds or thousands or millions of intense wheel-rail contact cycles [2]. Two key processes 
govern RCF - crack initiation and crack propagation. These processes are governed by a number 
of factors. Wear was found to be a three stage process, as mentioned in Chapter 2.  
 
The microstructural features influence rolling contact fatigue and wear in different ways. 
The relationship between the effects of non-metallic inclusions on contact fatigue life has shown 
that more oxides, especially hard or brittle inclusions, such as alumina and silicates result in 
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shorter fatigue life, because they are discontinuous. Most of the rail fatigue failure initiates at 
oxide inclusions in the head [100]. Figure 6.5 shows the results of rolling contact fatigue tests 
[100] and their dependence with respect to the volume fraction of oxides. 
 
Figure 6.5 Rolling contact fatigue No. cycles versus volume fraction of oxides 
Ev.A. Shur [101] measured the amount of oxygen from different non-metallic inclusions 
of rail steels and related it to the rail fatigue life in terms of millions of gross tons (MGT). In 
Figure 6.6, it is observed that the lower oxygen content the larger the MGT. Above an oxygen 
critical content (7ppm), the fatigue life is reduced drastically. 
 
Figure 6.6 Relationship between the 80% resource of rail and oxygen content in rail steels 
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Clayton and Danks [83] have shown, in previous work, that hardness has a strong effect 
on wear in eutectoid steels. This is based on the hardness that is modified by the interlamellar 
spacing, Figure 2.25 shows the hardness correlation with wear resistance for rail steels.  
 
 The prior austenite grain size apparently plays a role on rolling contact fatigue 
resistance of eutectoid steels. V. Sagadze [102] using (C-Mn) in steel with 0.75% C, 0.90%Mn, 
0.20%Si, with fine and coarse interlamellar spacing, and globular pearlite, has shown the 
existence of a close relationship between prior austenite grain size and RCF (Figure 6.7). The 
growth of austenite grain leads to a substantial decrease of steel contact fatigue limit.  
 
Figure 6.7 Relation between contact fatigue limit and prior austenite grain size 
 
Based on the microstructural observations obtained in this study and coupled with the 
wear performance of the premium rail steels provided by the Transportation Technology Center, 
a linear relationship was developed, as shown in Figure 6.8. The wear factor (WF) in Figure 6.8 
is strongly related to a series of microstructural factors, i.e., the type, size and volume fraction of 
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non-metallic inclusions, the matrix hardness, the volume fraction of proeutectoid cementite and 
the microstructure (especially the interlamellar spacing). Even though the actual wear seems to 
have a correlation with the WF, the straight line that describes a theoretical perfect correlation 
has a R2 value only 0.4368.  
WF ƒ(NMI, Proeutectoid Cementite, Hardness, Prior austenite grain size, Interlamellar spacing ) 
 
Figure 6.8 Relationship between wear versus wear factor 
6.2 THERMOMECHANICAL EXPERIMENTS 
The primary goal of modern thermomechanical treatment is to refine the grain structure in order 
to obtain the best combination of mechanical properties in the hot rolled condition. In low carbon 
steels, the grain refinement is recognized as the only way to simultaneously improve strength and 
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toughness. In the case of eutectoid and hyper-eutectoid steels, the strength is related to the 
interlamellar spacing and the toughness with the prior austenite grain size. 
 The microalloyed steels are usually alloyed with small quantities of strong carbide 
forming elements such as vanadium, titanium and niobium. The effect of these alloying elements 
is to retard the progress of recrystallization by being dissolved in austenite (solute-drag) or by 
forming precipitates (precipitation pinning) such that a fine austenite can be produced before the 
pearlite transformation. Similar solute drag behavior of these alloying elements in high carbon 
chromium steels for ball bearings has been reported by Nobuhisa et al. [103]. Then the main goal 
of the thermomechanocal experiments in eutectoid steels is to develop a fine prior austenite grain 
size which can be a factor to improve the toughness and the refinement of interlamellar spacing 
to get high strength.  
6.2.1 Rsteel1  
Table 5.4 shows a summary of the thermomechanical experiment (TMP) results for Rsteel1. The 
thermomechanical experiment 1 produced a fully martensitic material. The main idea for 
performing this experiment was to measure the austenite grain size right after the second 
deformation. The TMP experiments that successfully produce a fully pearlitic microstructure 
were the TMP 5, 7 and 8. The microstructures generated in TMP 5 were fully pearlitic but with a 
coarse interlamellar spacing (Figure 6.9). Clayton and Danks [83] showed that this 
microstructural feature is related to hardness. As shown in Figure 5.18, the average interlamellar 
spacing measured was 0.196µm; this is probably the main reason for the low hardness values 
obtained in this TMP experiment.   
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Figure 6.9 Coarse pearlite generated through TMP5 
 
 In the case of the TMP 7 and 8, both experiments using the same amounts of 
deformations and the same isothermal temperature (600C) but with different isothermal times 
(10 and 20min respectively), generated a fully pearlite microstructure. The hardness value of 
TMP experiment 7 was smaller than that in experiment 8, even though the interlamellar spacing 
is quite similar (0.91 and 0.083 µm), the hardness is different (7HRC). This difference in 
hardness can be attributed to a different source of hardening. For example, precipitation 
hardening. Both samples were examined by TEM. Figure 6.10 shows the micrograph of the TMP 
7 (isothermal treatment 600C for 10min). 
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Figure 6.10 Bright field TEM micrographs from TMP 7 of Rsteel1 
 
 The TEM evaluation showed the presence of small precipitates in the ferrite of the 
pearlite. The black arrows point out the particles. Chemical analysis of these precipitates was 
performed. The Figure 6.11 shows the energy dispersive X-Ray (EDX) spectrum of one of the 
particles. The chemical analysis indicates the presence of vanadium, chromium and 
molybdenum. Apparently, the precipitates are carbides of these elements. It is important to 
mention that no significant amount of precipitates were found in this sample. 
 
Figure 6.11 Chemical analysis spectrum from one precipitate observed in the sample of TMP 
experiment 7 
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 Figure 6.12 shows the micrograph of the TMP 8 (isothermal treatment 600C for 
20min). The presence of precipitates in ferrite was also observed in this sample. The black 
arrows point out some of them. It is evident the volume fraction of these precipitates is larger 
than that in the TMP 7. Chemical analysis was also performed in some of these precipitates.  
 
Figure 6.12 Bright field TEM micrographs from TMP 8 of Rsteel1 
 
The results show the presence only of vanadium and silicon. Figure 6.13 shows the 
chemical spectrum of one of the precipitates. 
 
Figure 6.13 EDX spectrum from one precipitate observed in the sample of TMP experiment 8 
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 The differences in volume fraction of particles precipitated between the TMP 7 and 8, 
seems to be the reason for the hardness differences when the interlamellar spacing is quite 
similar. Precipitation of vanadium carbides in ferritic pearlite has been reported by K. Han, 
G.D.W. Smith and D.V. Edmonds [104] in vanadium-bearing steel (0.79C-0.62Mn-0.22Si-
0.2V). 
6.2.2 Rsteel2  
As the in Rsteel1, the first TMP experiment was to perform the deformation path and then 
quench the sample in order to obtain the austenite grain size produced by the deformation path. 
The grain size generated was 45µm. The TMP which produces a fully pearlitic microstructure 
was performing experiments 3 and 4. The other TMP experiments, i.e., 5 and 6, even though they 
started developing a pearlitic microstructure, the complete transformation did not take place. 
Apparently the kinetics of pearlitic transformation at 500C was slow and requires more time. An 
increment of temperature of 50C was enough for the same isothermal time to complete the 
pearlitic transformation. This is the case of TMP experiments 3 and 4; both developed a fully 
pearlitic microstructure and exceed the threshold hardness value. The interlamellar spacing of 
these two experiments was 0.0778 and 0.097 µm, respectively. Although there were big 
differences of isothermal time (20min and 100min), the difference in hardness between these 
experiments was only 4HRC. A TEM evaluation revealed the presence of a secondary 
precipitation in pearlitic ferrite in the sample of experiment 4. However, no precipitates were 
observed in the sample of experiment 3. Figure 6.14a shows the bright field TEM micrograph of 
the sample of experiment 4, Figure 6.14b shows the EDX micro chemical analysis spectrum of 
the particle encircled. 
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Figure 6.14 a) Bright field TEM micrographs from TMP 4 of Rsteel2, b) EDX spectrum from the 
encircled precipitate 
 
Another TEM micrograph of the sample after TMP 4 is shown in Figure 6.15. It is 
important to point out the large presence of these precipitates. The EDX spectrum indicates that 
not only vanadium is present in these precipitates but also elements like molybdenum and 
niobium. 
 
 
 
 
a) b) 
115 
 
 
Figure 6.15 a) Bright field TEM micrographs from TMP 4 of Rsteel2, b) EDX spectrum from the 
encircled precipitate 
 
The TEM characterization of TMP 3 indicated that no precipitation on pearlitic ferrite 
happened on this sample. It seems that the kinetics of precipitation of these particles requires 
longer times at this temperature. The hardening contribution associated with solid solution of 
different elements such as molybdenum, niobium and vanadium in the ferritic matrix is still 
available because no precipitates of these elements were observed. Figure 6.16 shows the 
examples of bright field TEM micrographs.  
 
 
 
 
a) b) 
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Figure 6.16 Bright field TEM micrographs from TMP 3 of Rsteel2 
 
The small hardness differences between these two experiments can be explained by the 
precipitation of carbides (V, Mo, and Nb) within the pearlitic ferrite. These precipitates maintain 
the hardness (hardening effect) in sample 3 even after a longer time of isothermal treatment. On 
the other hand, the precipitation process depleted the concentration of these elements on the 
pearlitic ferrite diminishing the contribution of solid solution on strengthening, which did not 
occur in sample 4. This would explain the fact that in TMP experiment 3, no carbide 
precipitation was registered but the solid solution contribution on strengthening is still active.  
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6.2.3 Rsteel3 
In the TMP of Rsteel3, many experiments developed effectively fully a pearlitic microstructure. 
TMP 3 and 4 had the same deformation path, cooling and isothermal temperature but with 
different holding time (20 and 100min). A behavior similar to that in Rsteel2 was observed in 
these samples, that means that carbide precipitation took place in TMP 4 after a longer 
isothermal treatment which maintains the hardness. The TMP 5 developed a coarse pearlite 
which is unfavorable and most likely responsible for the low mechanical properties.  
In TMP 8 and 9, the final deformation amount was larger (70%) but with a different 
isothermal path. In the case of TMP 8, the isothermal treatment was carried out at 600C for 
15minutes. Evidently, the isothermal temperature was too high to develop a fine interlamellar 
spacing, which clarifies the difference in interlamellar spacing and hardness between these two 
TMP experiments. 
Although the hardness of TMP 3 and 9 had similar hardness values (37.3 and 39.3 HRC, 
respectively), the interlamellar spacing was smaller in the case of the sample with lower hardness 
(from these two), contrary to all the work done from other investigators. This behavior can be 
explained by an additional strengthening contribution of a different source. A TEM 
characterization was carried out on samples 9 to verify which type of strengthening mechanism 
can contribute to the hardness. Figure 6.17a shows the bright field TMP micrograph of TMP 9 of 
Rsteel3. In this figure the presence of precipitates in the pearlitic ferrite is evident. However, its 
apparent volume fraction is not high. Figure 6.17b shows the EDX spectrum that indicates the 
presence of vanadium and molybdenum in the encircled particle. Even though TMP 3 and 9 had 
exactly the same isothermal path, the particle precipitation did not occur in TMP 3. The only 
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differences between these two thermomechanical experiments is the amount of the second 
deformation; TMP 3 was deformed (50%) and TMP 9 was deformed (70%). 
  
 
 
 
 
 
 
 
Figure 6.17 a) Bright field TEM micrographs from TMP 9 of Rsteel3 b) EDX spectrum from the 
encircle precipitate 
 
 It is known that deformation of austenite promotes the γ→α transformation and 
intensifies the transformation [105-109]. The deformation plays a role of driving forces for this 
transformation. Larger strain and lower deformation temperatures stimulate the rate of this 
transformation. If the TMP 9 was deformed 20% more than TMP 3, this can provide the extra 
energy required for the precipitation of these particles.  
 
 
 
a) b) 
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6.3 MECHANICAL PROPERTIES 
The mechanical behavior of eutectoid and hyper-eutectoid steels is largely controlled by the 
microstructure developed during the manufacturing processing. The microstructural features 
most likely responsible for the mechanical properties are pearlite colony size, prior austenite 
grain size and interlamellar spacing. However, other factors are also related to the mechanical 
properties, such as solid solution, precipitation of particles and cleanliness of the material.  
 
6.3.1 Hardness 
The hardness of the samples rolled at US Steel facilities are shown in Table 5.7. The hardness 
variation between them is significant. The interlamellar spacing of the samples was assessed. 
The average interlamellar spacing was very similar between Rsteel1 and Rtseel3 (0.095 and 
0.096 µm, respectively), and slightly different with respect to Rsteel2 (0.084 µm). In accordance 
with the work done by Clayton and Danks, the highest hardness corresponds to the smaller 
interlamellar spacing. Figure 5.20 shows a comparison of the hardness values of the commercial 
steels and the steels developed in this research and its relation with interlamellar spacing. The 
three Rsteels do not follow a perfect trend described by the trending line (black). This behavior 
can be attributed to the presence of precipitates in the pearlitic ferrite found in the 
thermomenchanical experiments.  
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6.3.2 Tensile Testing 
The summary of tensile testing results is shown in Table 5.8. The Rsteel2 was the steels with the 
highest yield strength (1095.6 MPa); the Rsteel 3 showed the lowest yield strength (847.4MPa). 
Even though the Rsteel 3 has the lowest YS of the three developed steels, its YS value is higher 
with respect to the commercial steels. Figure 5.22 shows the comparison of YS between 
commercial steels and the developed steels. The general agreement seems to indicate that the 
interlamellar (λ) spacing controls the yield strength. The dependence of yield strength on 
interlamellar spacing can be represented by the Hall-Petch relation, YS α λ-1/2 [14,73-76, 93]. 
Taleff [96] summarized yield strength and interlamellar spacing data from various eutectoid and 
ultrahigh carbon steels. Figure 6.18 shows a reasonable correlation between the two 
characteristics. The red dots show the superimposed yield strength values and the inverse square 
root of interlamellar spacing of the developed steels. 
 
 
 
 
 
 
Figure 6.18 Data for yield strength of eutectoid and ultrahigh carbon steels are plotted against the 
inverse square root of pearlite interlamellar spacing 
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 In accordance with yield strength and the inverse square root of interlamellar spacing 
values of the developed steels, there are other strengthening contributions to the yield strength. 
T.D. Mottishaw and G.D. Smith, working with microalloyed pearlitic steels, showed that 
additions of chromium and vanadium produce strength increments up to 200MN/m2 under 
continuous cooling transformation conditions by secondary carbonitride precipitation within the 
pearlitic ferrite. Taleff et al., showed in ultra-high carbon steels that aluminum and chromium are 
strong solid solution strengtheners.  
 The yield strength may then be considered as the linear addition of different 
strengthening effects. The strengthening from interlamellar spacing (σλ), the solid solution 
strengthening (σss), the composite strengthening (σc) which increases as the carbon content 
increases, the precipitation strengthening (σpp) and pearlite colony size strengthening (σpc). The 
contribution of the prior austenite grain size on yield strength has been shown not to have a 
substantial contribution [90] and can be considered negligible. The yield strength can be 
considered as in Equation 6.1. 
σy = σλ + σss + σpc + σpp +σc    (6.1) 
 Because the nature of strengthening by interlamellar spacing and the strengthening by 
precipitation is similar through inhibiting the dislocation motion, decreasing the slip length in 
ferrite they can be enclosed in one expression, σλp. Eric M. Taleff, J.J. Lewandowski and 
Bandam Pourlandia, also combine the composite strengthening contribution and the solid 
solution strengthening contribution in a term called alloy strengthening (σ0)ss. Then the Equation 
6.1 can be reduced to:  
σy = σλp + (σ0)ss + σpc   (6.2) 
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The observation of the pearlitic microstructure of commercial steels exhibited the 
presence of proeutectoid cementite, which would be detrimental to the mechanical properties 
[110]. This phase was not resolvable by optical microscopy neither by SEM, which suggests that 
yield strength was not affected negatively. 
 
 Figure 5.23 shows the comparison between the elongations of developed steels vs the 
elongation of commercial steels, the difference between them is remarkable. The minimum 
elongation value was reached by Rsteel2, which had the highest yield strength of the three steels. 
However, the steel with the largest elongation was the Rsteel1. The ductility of eutectoid and 
hyper-eutectoid steels has been associated with a larger interlamellar spacing which allows a 
lager dislocation glide through slip planes. Coarse pearlite possesses low strength and initially 
deforms by dislocation generation at ferrite/cementite interfaces [86], although the three 
developed steels have a substantially fine pearlite. The tensile ductility as a measured of fracture 
strain is independent of prior austenite grain size and pearlite colony size [73, 75, 111-116]. In 
materials with similar austenite grain size, generally finer interlamellar spacing exhibits a 
slightly larger ductility. This can be attributed to the differences in deformation behavior 
between fine and coarse pearlite [95]. Other authors have attributed the increment of ductility in 
finer pearlite to the fact that finer pearlite produces also thinner cementite lamellas which are 
more susceptible to deformation as they may rupture by necking rather than failing in a brittle 
manner [85, 112,117]. 
 
123 
 
6.3.3 Fracture Toughness 
The fracture toughness of a material is its resistance to crack propagation or its ability of the 
material to absorb energy in the plastic deformation rage. It is a measure of the energy to resist 
fracture. Fracture toughness in steels is dependent on numerous factors which influence the 
mechanical properties, such as temperature, chemical composition, microstructure, grain size, 
strain rate etc. Table 5.9 shows the results of fracture toughness evaluation of the two steels with 
larger yield strength. Hyzak and Bernstein [73], working with fully pearlitic steels, concluded 
that toughness as a measured by both the Charpy transition temperature and the dynamic fracture 
toughness is a strength inverse function of the prior austenite grain size, with a considerable 
influence of the interlamellar spacing. The fracture toughness (obtained using chevron-notch 
samples) results from hyper-eutectoid carbon steels, have shown an increase in toughness with 
decreasing the austenite grain size [118]. Figure 6.19 compares these results to these of the steels 
developed by this research. 
 
 
 
 
 
 
Figure 6.19 Comparison of results from ultra-high steels [118] and the developed steel  
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These results suggest that there is something else that contributes to toughness resistance. 
This can be explained by the lack of proeutectoid phase on the developed steels. The presence of 
the proeutectoid phase in eutectoid and hyper-eutectoid steels has been considered deleterious to 
the mechanical properties; its presence decorating the austenite grain boundaries reduces the 
cohesive forces between austenite grains producing nucleation sites for cleavage fracture. Other 
researchers [94,95-119,120], have shown that cleavage fracture stress of fully pearlitic steels 
increases with a decrease of pearlite interlamellar spacing.  
 Therefore, the best microstructure to increase the toughness of eutectoid steels should 
have a combination of small austenite grain size, not very fine interlamellar spacing, and the 
grain boundaries should be free of particle networks. Inclusions should be avoided to preserve 
high toughness since they readily debond. Large, widely spaced inclusions usually are less 
damaging than finely spaced inclusions where inclusions are weakly bonded to the interface.  
6.4 WEAR TESTING 
The major objective in the development of new rail materials is improving both wear resistance 
and the mechanical properties. Traditionally, the main method to reach this objective was 
through increasing the initial bulk hardness of the steels, which was accomplished by raising the 
carbon content. Over the years, a relationship between hardness and wear of rail steels has been 
observed [83,121]. Other microstructures like martensite and/or bainite have higher hardness 
levels than the fully pearlitic microstructure. However, they are not extensively used in 
commercial rail roads. Therefore, there should be some other parameters that modify the wear 
behavior in steels. Robles Hernandez [122], working with premium rail steels, suggested that the 
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differences in work hardening between the bainitic rail steel and the premium rails with pearlitic 
microstructure could be the reason for better wear resistance of the pearlitic steels. Results of 
wear testing of the developed steels in this study are shown in Table 5.10. One important finding 
of this test was the fact that no change in weight was registered in the disks used during the 
testing. This can be attributed to the low Hertzian load used in this test, or due to the behavior of 
the material to resist wear. Figure 5.29 shows the typical profile of the disk at the end of the wear 
testing; this profile suggests that the relocation material goes to the edge of the groove. This 
profile is also shown in Figure 6.20. This figure shows a three dimensional representation of the 
groove generated. The color degradation (from blue to red) shows the differences in groove 
depth. The black arrows point out the relocated material that was displaced from the center of the 
groove (blue center area). Because there was not material lost during the testing, the material 
displaced and the material relocated must be the same. 
 
 
 
 
 
 
 
 
 
 
Figure 6.20 Three dimensional representation of the groove generated 
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The conservative principle of the material is used to explain this behavior. Figure 5.29 shows, 
schematically, the profile of the groove and the suggested behavior. A and B represents area of 
the transverse section of the peaks where the material relocated and C is the area of the 
transverse section of the groove generated, therefore A + B = C. 
 
 
 
Figure 5.29 Schematic representation of the material relocation process during wear testing 
Initially, the material flows from the contact area of the disk and the pin to the edges of 
the pin (a). Later, as the test progresses, the material from the center of the initial channel flows 
to the bottom of the incipient peak (b). The channel becomes a groove through the continuous 
flow of material to the bottom of the previous material producing more strain (c). This process 
occurred repeatedly until the hardness of the material at the bottom of the groove reaches the 
hardness of the  
 
 
 
 
Figure 6.21 Schematic representation of wear processes suggested 
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pin throughout work hardening processes. Afterwards, the relocated material at the highest point 
of the peak must be higher than the material at the bottom. Therefore, the work hardening plays 
an important role on wear resistance. During each cold plastic deformation, a part of forming 
energy is transformed to heat and/or to strain hardening of steel. The material hardness increases 
and the load required to produce a plastic deformation needs to be higher. If the load used to 
induce the plastic deformation does not increase, then the material reduces the wear rate, until 
wear is no longer induced in the material. This process explains the wear behavior described by 
the material in Figure 6.21.  
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6.5 ISOTHERMAL TRANSFORMATION STUDIES 
The transformation of pearlite in steels involves the cooperative, diffusional growth of ferrite and 
cementite from austenite. The practical nature of the information obtained from a series of 
isothermal reaction curves makes them very important to study. 
Figure 5.32 and 5.33 show the fraction of pearlite transformed as a function of time for 
different temperatures of commercial steel D and Rsteel2, respectively. From these reaction 
curves the time required to begin the transformation and the time required to complete the 
transformation can be obtained. In the case of commercial steel D, the pearlitic transformation 
starts slightly sooner than in Rsteel2. This suggests that the incubation period in Rsteel2 is longer 
than that in the commercial steel D. For longer time (120s), the Rsteel2 still experiences a slow 
kinetics of transformation with a pearlite volume fraction approximately 0.2 with the exception 
for the isothermal temperature of 550C which almost reaches 0.4. The commercial steel D 
exhibited a different behavior. The transformation reached after 120s was approximately 0.4 in 
most of the isothermals. The end of transformation was taken as the time required to transform 
0.99 of the volume fraction, as commonly is done in different studies. Apparently, the shape of 
the transformation curves follows the classical nucleation and growth model suggested by 
Johnson and Mehl, Equation 2.1 [52].  
 Figures 5.34 and 5.35 show the reconstruction of TTT diagrams from commercial 
steel D and Rsteel2, respectively. One of the significant factors about the pearlite transformation 
is the primarily precipitation of proeutectoid cementite along grain boundaries in the commercial 
steel D. This precipitation took place at very short times, even before the primarily nuclei of 
pearlite. This proeutectoid phase has been documented in different steels [103,104,110,122] and 
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it has a detrimental effect on mechanical properties. However, contrary to what happened in 
commercial steel D, the proeutectoid phase was not precipitated in Rsteel2. Another important 
difference is the time of the beginning of transformation between the two steels. Because of the 
nucleation of the pearlite occurred at grain boundaries, the slow incubation process in Rsteel2 
can be explained by a larger prior austenite grain size; nevertheless, contrary to this, the prior 
austenite grain size of Rsteel2 is smaller than the one in commercial steel D. Therefore, other 
features must affect the kinetics of transformation of the pearlite. Han and Mottishaw [110], 
working with hyper-eutectoid steels showed that additions of vanadium results in the formation 
of discrete grain boundary cementite particles rather than a continuous network along the grain 
boundaries. Because Rsteels2 contains silicon, chromium, and molybdenum, these elements 
decrease the eutectoid carbon content; therefore it might be expected to exhibit hyper-eutectoid 
behavior [104]. However, in hyper-eutectoid steels containing vanadium and silicon, the reverse 
behavior occurred. No grain boundary cementite was resolvable and the pearlitic microstructure 
was predominantly lamellar. This can explain the behavior of Rsteel2 in which proeutectoid 
cementite was not observed.  
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 CONCLUSIONS 7.0 
 The eutectoid steels developed in this research successfully exceeded the mechanical 
properties desirable for optimum wear performance.  
 
 The mechanical properties of eutectoid steels seem to be controlled by microstructural 
features such as interlamellar spacing, pearlite colony size and prior austenite grain size.  
o Hardness is strongly influenced by interlamellar spacing  
o The yield strength is dependent not only on the interlamellar spacing but also on 
the effect of hardening by precipitation and solid solution hardening.  
o The improvement of elongation is controlled by two main contributions the 
refinement of austenite grain size as well as the thinning of cementite lamellae.  
o The proeutectoid cementite that has a detrimental effect on toughness was not 
observed in the developed steels. 
 
 The wear behavior of the developed steels is controlled not only by the hardness or 
interlamellar spacing but also by the differences between the yield strength and the 
tensile strength (work hardening). 
 
 The pearlite transformation kinetics was affected mainly by the addition of alloying 
elements and a lesser degree by the austenite grain size. 
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APPENDIX A 
A.1 RAIL STEEL1, MICROSTRUCTURES GENERATED BY 
THERMOMECHANICAL PROCESSING 
Thermomechanical experiment number 1 
 
 
 
 
 
 
 
Thermomechanical experiment number 2 
 
 
 
 
 
 
 
 
  
  
132 
 
 
Thermomechanical experiment number 3 
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Thermomechanical experiment number 6 
 
 
 
 
 
 
 
Thermomechanical experiment number 7 
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A.2 RAIL STEEL2, MICROSTRUCTURES GENERATED BY 
THERMOMECHANICAL PROCESSING 
Thermomechanical experiment number 1 
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Thermomechanical experiment number 5 
 
 
 
 
 
 
 
Thermomechanical experiment number 6 
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A.3 RAIL STEEL3, MICROSTRUCTURES GENERATED BY 
THERMOMECHANICAL PROCESSING 
Thermomechanical experiment number 1  
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Thermomechanical experiment number 4  
  
 
 
 
 
 
 
 
 
 
 
Thermomechanical experiment number 5  
 
 
 
 
 
 
 
 
 
 
 
 
Thermomechanical experiment number 6  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
  
  
  
138 
 
Thermomechanical experiment number 7  
 
 
 
 
 
 
 
 
 
 
 
Thermomechanical experiment number 8   
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APPENDIX B 
B.1 MICROGRAPHS OF THE GROOVE GENERATED AFTER 10,000 CYCLES IN 
DIFFERENT LOCATIONS FOR THE RAIL STEEL DEVELOPED 
Rail steel 1 
Location A       Location B 
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Location C        Location D 
 
 
 
 
 
 
 
 
 
 
Rail steel 2  
Location A        Location B 
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Location C       Location D 
 
 
 
 
 
 
 
 
 
 
Rail steel 3  
Location A       Location B 
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